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\s That Elephant Running? Don’t Bet on It 


New study argues that, regardless of their speed, 
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<< From Big Fish to Big Whales 


Whales are the largest animals today, and many feed on the abun- 
dant plankton, particularly diatoms, in the oceans. Whales arose 
and diversified in the Cenozoic, about 30 to 40 million years ago 
(see the Perspective by Cavin). Marx and Uhen (p. 993) show that 


their diversity parallels the diversity of diatoms and changes in 
ocean temperature. Whether there were large predators of plank- 
ton before whales has been enigmatic, because the fossil record 
during the Mesozoic (245 to 65 million years ago) is sparse. Fried- 
man et al. (p. 990) now show that a group of large fish filled this 
role for nearly 100 million years in the Mesozoic. Although not as 
large as whales, these globally distributed fish were still several 
meters long. Their extinction at the Cretaceous-Paleogene 
boundary 65.5 million years ago may have cleared the seas for the 
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To Degrade or 
Not to Degrade 


Regulating the turnover of proteins within the cell 
is of fundamental importance to almost every phys- 
iological process. Hwang et al. (p. 973, published 
online 28 January; see the Perspective by Mogk 
and Bukau) now find that acetylated N-terminal 
methionine (Met) is a degradation signal. This 
degron is recognized by Saccharomyces cerevisiae 
Doa10, a transmembrane E3 ubiquitin ligase that 
resides in the endoplasmic reticulum and inner 
nuclear membrane. The removal of N-terminal Met 
by Met-aminopeptidases generates N-terminal 
residues that are often N-terminally acetylated. 
Doa10 selectively binds to the resulting N-degrons, 
which may represent the most prevalent class of 
cellular protein degradation signals. 


2D Quantum Critical 
Transitions 


Quantum critical transitions occur at near-zero 
lemperatures when the properties of quantum 
matter are tuned by an external parameter such 
as the magnetic field or pressure. Heavy fermion 
materials, which have effective charge carrier 
masses hundreds of times heavier than the bare 
electron mass, have emerged as a prototypical 
system for studying these transitions. Now, 
Shishido et al. (p. 980; see the Perspective by 
Coleman) use a heavy fermion compound to 
experimentally realize a new type of quantum 
phase transition where the tuning parameter is 
the dimensionality of the system. They engineer a 
family of superlattices made up of a fixed number 
of layers of the conventional metal Laln, and vary- 
ing numbers of layers of the heavy fermion mate- 
rial Celn,. As the number of layers of Celn, is 
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evolution of whales. 


decreased, the system gradually changes charac- 
ter from three- to two-dimensional, with corre- 
sponding changes in its transport properties. 


Detecting Distant Planets 


More than 400 planets have been detected out- 
side the solar system, most of which have masses 
similar to that of the gas giant planet, Jupiter. 
Borucki et al. (p. 977, published ontine 7 Janu- 
ary) summarize the planetary findings derived 
from the first six weeks of observations with the 
Kepler mission whose objective is to search for 
and determine the frequency of Earth-like planets 
in the habitable zones of other stars. The results 
include the detection of five new exoplanets, 
which confirm the existence of planets with densi- 
ties substantially lower than those predicted for 
gas giant planets. 


Silicate in the 
Primordial Soup 


Direct evidence for how prebiotic synthesis of 
complex organic molecules paved the way for 
the origin of life is extremely scarce. Thus, stud- 
ies are mainly limited to controlled simulations 
of likely reactions in early Earth conditions. 
Similarly, chemical reactions in the laboratory 
may generate the products necessary for 
biosynthesis, but may nevertheless be geo- 
chemically irrelevant. Lambert et al. (p. 984) 
show that silicate ions, present in Earth’s sur- 
face waters at relatively high concentrations, 
catalyze the formation of four- and six-carbon 
sugars from simple sugars via the formose reac- 
tion. The resulting complexes stabilize the 
sugar molecules, allowing sugars to accumulate 
in greater abundance. Silicate stabilization 
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also circumvents the need for the formose reac- 
tion to proceed at high temperatures, thus 
extending the range of possible environments 
in which life could have originated. 


Acid Assistance 


Protons are quite versatile catalysts of organic 
reactions, but because they are achiral, they can- 
not induce stereoselectivity on their own. One 
productive way around this problem has been to 
use chiral conjugate 

bases and perform 
reactions in media 

where the bases ! 
remain tightly 

attracted to protonated 
substrates. Xu et al. (p. y~ 
986; see the Perspective by 

Schreiner) thoroughly explored 

the mechanism of an alternative approach, in 
which an achiral acid was used in conjunction with 
a second, chiral molecule (a urea derivative) for 
catalysis. High selectivity was attained with this 
method in the coupling of aryl imines with olefins. 
Extensive kinetic and computational studies 
showed that the acid and its chiral partner acted 
cooperatively in binding the substrates, optimiz~ 
ing the tradeoff between speed and selectivity. 


Metabolic Regulation 
Through Acetylation 


Covalent modification of lysine residues in vari- 
ous proteins in the nucleus is a recognized mech- 
anism for control of transcription. Now two 
papers suggest that acetylation may represent an 
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Continuous monitoring of HT1080 cell migration using 
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as the chemoattractant in the lower chamber. 

Cells in fibronectin-coated wells (red trace) show enhanced 
migration compared to cells grown without fibronectin-coating 
(green trace). Cells maintained in serum-free media served 

as a control (blue trace). 
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important regulatory mechanism controlling the function of metabolic enzymes (see the Perspective by 
Norvell and McMahon). Zhao et al. (p. 1000) found that a large proportion of enzymes in various 
metabolic pathways were acetylated in human liver cells. Acetylation regulated various enzymes by dis- 
tinct mechanisms, directly activating some, inhibiting one, and controlling the stability of another. 
Control of metabolism by acetylation appears to be evolutionarily conserved: Wang et al. (p. 1004) 
found that the ability of the bacterium Salmonella entericum to optimize growth on distinct carbon 
sources required differential acetylation of key metabolic enzymes, thus controlling flux through meta- 
bolic pathways. 


Cropland Acidification in China 


China is experiencing increasing problems with acid rain, groundwater pollution, and nitrous oxide 
emissions. Rapid development of industry and transportation has accelerated nitrate (N) emissions 
to the atmosphere. Consequently, soil degradation, water shortage, and pollution, in addition to 
atmospheric quality decline are becoming major public concerns across China. Since the 1990s, 
China has become both the largest consumer of chemical N fertilizers and the highest cereal producer 
in the world, which has consequences for arable soil acidification. Guo et al. (p. 1008, published 
online 11 February) present a meta-analysis of a regional acidification phenomenon in Chinese 
arable soils that is largely associated with higher N fertilization and higher crop production. Such 
large-scale soil acidification is likely to threaten the sustainability of agriculture and affect the bio- 
geochemical cycles of nutrients and also toxic elements in soils. 


eh ae Predictable Travel Routines 
» While people rarely perceive their actions to be random, 
current models of human activity are fundamentally sto- 
chastic. Processes that rely on human mobility patterns, like 
the prediction of new epidemics, traffic engineering, or city 
planning, could benefit from highly accurate predictive 
models. To investigate the predictability of human dynam- 
ics, Song et al. (p. 1018) used the recorded trajectories of 
millions of mobile phone users, collected by mobile phone 
companies and anonymized for research purposes. They 
hypothesized that given the wide range of travel patterns that 
different users follow, there would be significant differences between their predictability as well: 
Users who travel less should be easier to predict than those who are constantly on the road. Surpris- 
ingly, there was 93% predictability across the whole user base, and individuals’ predictability did not 
in general fall significantly below 80%. 


Killing Pseudomonas 


Gram-negative Pseudomonas bacteria are opportunistic pathogens, and drug-resistant strains present 
a serious health problem. Srinivas et al. (p. 1010) synthesized a family of peptidomimetic antibiotics 
that is active only against Pseudomonas. These antibiotics do not lyse the cell membrane, but instead 
target an essential outer membrane protein, LptD, which plays a role in the assembly of lipopolysac- 
charide in the outer cell membrane. Activity in a mouse infection model suggests that the antibiotics 
might have therapeutic potential. In addition, LptD is widely distributed in gram-negative bacteria 
and so its validation as a target has the potential to drive development of antibiotics with a broader 
spectrum of activity against gram-negative pathogens. 


Examining the Backbone 


Determination of tertiary protein structures by nuclear magnetic resonance (NMR) currently relies 
heavily on side-chain NMR data. The assignment of side-chain atoms is challenging. In addition, 
proteins larger than 15 kilodaltons (kD) must be deuterated to improve resolution and this elimi- 
2 nates the possibility of measuring long-range interproton distance constraints. Now Raman et al. 
& (p. 1014, published online 4 February) use backbone-only NMR data—chemical shifts, residual 
6 dipolar coupling, and backbone amide proton distances—available from highly deuterated pro- 
— teins to guide conformational searching in the Rosetta structure prediction protocol. Using this new 
protocol, they were able to generate accurate structures for proteins of up to 25 kD. 
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Science Careers 
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Want to build relationships with clinical 
or basic scientists? Get advice on the best 
way to conduct a clinical and translational 
science career? There’s no better place to 
explore these ideas, and to build new 
scientific relationships, than CTSciNet, 
the new online community from Science, 
Science Careers, and AAAS made possible 
by the Burroughs Wellcome Fund. 


There’s no charge for joining, and you'll 
enjoy access to: 


@ Practical and specific information on 
navigating a career in clinical or 
translational research 

® Opportunities to connect with other 
scientists including peers, mentors, and 
mentees 

®@ Access to the resources of the world’s 
leading multidisciplinary professional 
society and those of our partner 
organizations 


Connect with CTSciNet now at: 
Community.ScienceCareers.org/CTSciNet 


SciNet 22: 


Clinical and Translational Science Network 


Presented by 


MVAAAS 


Rare Mutation Matters! 


Find it by deep sequencing of whole exome or candidate genes 


BGI'S GENOMICS BAR 


what are the best, 
ones for rare 
mutation? 


tech@genomics.cn 


www.genomics.cn 


en Be Ses8 | 36.75525273305 
Nak “ 

Would 128 Illumina HiSeq 2000 Sequencing Systems, 500 bioinformaticians 
and the use of cutting-edge software programs developed by BGI satisfy 


your taste? 
One of the world's biggest genome centers is looking for collaborators! 
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Peter Agre is the 
president of AAAS and 
director of the Malaria 
Research Institute at 
Johns Hopkins Uni- 
versity. 


Alan |. Leshner is the 
chief executive officer 
of AAAS and executive 
publisher of Science. 


Bridging Science and Society 


THE THEME OF THIS YEAR'S ANNUAL MEETING OF THE AMERICAN ASSOCIATION FOR THE ADVANCEMENT 
of Science (AAAS) seems especially timely: Bridging Science and Society, Virtually every major 
issue now confronting society has a science and technology component, and this means that “the 
need for general scientific understanding by the public has never been larger, and the penalty for 
scientific illiteracy never harsher’”* Today, science and technology are receiving unprecedented 
financial and policy support worldwide, as more countries invest in science and science education 
with the belief that these investments will enhance economic strength and improve the lives o} ftheir 
citizens. In the United States, the current national leadership frequently focuses on scienc 
ence education, and science-based policy-making, As well, the U.S. National Science Board just 
reported in Science Indicators 2010 that the general citizenry continues to hold scientists in high 
regard, second only to firefighters in prestige. But this confidence and prestige depend on a belief 
in the integrity and credibility of science, as well as in the scientific commu- 
nity’s ability to help solve global problems. A spate of recent incidents has 
threatened the public’s trust and argues that greater attention is essential to 
maintaining a strong bridge between science and the rest of society. 

The ability of science to deliver on its promise of practical and timely 
solutions to the world’s problems does not depend solely on research accom- 
plishments but also on the receptivity of society to the implications of sci- 
entific discoveries. That receptivity depends on the public’ attitude about 
what science is finding and on how it perceives the behavior of scientists 
themselves. The past decade saw substantial tension in the science/society 
relationship emerge when scientific advances and theories conflicted with 
certain cultural values or religious beliefs. Much of the turmoil surround- 
ing the teaching of evolution in public schools, for example, derives from 
conflict between a modern understanding of evolution and religious beliefs 
in creation. Likewise, objections to embryonic stem cell research arise from 
the belief of some religions that life begins at the moment of conception. These kinds of tensions 
are best addressed by engaging with the public on the issues and seeking common ground when- 
ever possible. This approach requires scientists to listen and respond to the public’s concerns and 
to educate their fellow citizens about scientific advances. Public engagement is increasingly being 
facilitated by governmental and nongovernmental institutions, and it has become a high priority 
for many individual scientists around the world. A focus on creating a genuine dialogue has consis- 
tently been more productive than unidirectional attempts at “public education” about science. 

Inappropriate behavior by scientists also weakens the bridge between science and society, 
at times to a degree out of proportion to the incidents. Widely publicized examples of scien- 
tific misconduct, or even mere a tions of misconduct, can tarnish the image and diminis 
the credibility of the entire scientific enterpri ikewise, undisclosed confli f inter 
or apparent, can call into question the integrity of the whole scientific community. 
so jeopardize the credibility of science by overinterpreting or mi ing scientific 
facts. Recent examples include misinformation on the prospects of Himalayan glaciers and the 
effects of climate change there, and newly discovered problems with a 1998 report linking vac- 
cines to autism. These types of revelations are highly problematic for policy-makers, the pub- 
lic, and the scientific community. Every such case should be investigated, with a follow-up 
public explanation. Scientists should not tolerate threats to the integrity of science, whether 
they come from outside the scientific community or from within it. 

The scientific community can strengthen the bridge between science and society by ensur- 
ing vigorous enforcement of scientific behavioral norms and standards, aggressively focusing 
on problems of global importance, and actively engaging with the public, As scientists and 
policy-makers convene in San Diego this week at the AAAS meeting, we all should commit 
to pursuing these goals. — Peter Agre and Alan |. Leshner 

10.1126/science.1188231 


*P. Agre, Nobel Banquet Speech, 2003, http://nobelprize.org/nabel_prizes/chemistry/laureates/2003/agre-speech.html. 
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ASTRONOMY 


View from the Ground 


Over the past few years, space telescopes have enabled scientists-to study the atmospheres of 
planets outside our solar system. Two studies now show that ground-based telescopes can also 
be put to this use. Swain et al. used-NASA’s Infrared 


spectra of HD-189733b, a hot Jupiter-like planet 63 


Telescope Facility in Hawaii to collect 
light-years away from Earth. Water, 


carbon dioxide, and methane had been detected already in its atmosphere. The new 


ground-based observations suggest fluofescent emi 


ission from methane, similar to 


that detected from Jupiter, Saturn, and Titan; thus the. atmosphere of this planet is 
more complex than previously thought. In a separate study, Janson et al. used the 


Very Large Telescope in Chile to acquire a spectrum of 
planets orbiting around the star HR 8799. This planeta 


one of the three known giant 
ry system, located 130 light- 


years from Earth, had been directly detected in images taken with the Keck and 


Gemi 


elescopes in 2008. Likewise, the spectrum of HR 8799c, a planet 10 times 


more massive thar Jupiter, was obtained directly, without the need to rely on a 
transit to separate the light of the planet from that of the star. Current theoretical 
models cannot reproduce the spectrum of this planet, underscoting the timita- 


tions of our current understanding of exoplanetary at 


mospheres. — MJC 


Nature 463, 637(2010); Astrophys. J. 710, 135 (2010). 


Increasing Turnover mye 


Used car salesmen and yard sale bargain hunters | the a 
depend on secondary markets, in which the 
seller of a good is not the first to have sold the 
good. These markets are crucial for the efficient 
reallocation of resources to meet changing 
demands. Yet regulations on the use and trade of 
some goods can influence the efficiency with 
which a secondary market functions. Such is the 
case with the U.S. wireless spectrum market. 
Much has been written about the Federal Com 
munications Commission's (FCC's) use of auc 
tions to make initial allocations of bandwidth; 


muni 


licenses are later bought 
and sold, Mayo and Wall 
sten analyzed FCC records 
on license transfer since 
1994 to assess how regula- 
tory control and approval 
processes influenced the 
emergence and function of 
a secondary spectrum mar- 
ket. Their findings suggest 
that steps taken by the FCC 
in the early 2000s to 
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improve secondary markets have had a positive 


ct. The volume of trading has become com- 


parable to the volume of initial allocations. Also, 


erage time needed to approve trades has 


diminished from 150 days for a personal com- 


cations service license in 1998 to less than 


50 days in 2005. — BW 


Inf. Ec 
j.infoecopol.2009.12.005 (2010) 


Make or Break 


In the past several years, increasingly selective 
chemical methods have emerged to append dif- 


ferent groups to specific sites along the 
periphery of aromatic rings. Two recent 
studies focus instead on manipulating the 
ring framework itself. Donohoe and Bower 
show that a widely used olefin metathesis 
catalyst can direct the formation of furan 
rings by stitching together an enone and 
an allylic alcohol. An advantage of this 
process is the ease with which diverse func- 
tional groups can be introduced through 
substitution of the precursors. The immedi- 
ate product of metathesis is pushed along 
to the final aromatic cycle by either a sepa- 
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rate acid catalyst or a Heck protocol that 
appends an additional aryl substituent. 

Sattler and Parkin work from the other end of 
the spectrum, showing that an intact quinoxaline 
falls rather dramatically apart on contacting a 
tungsten complex. Aromatic carbon bonds are 
among the strongest in organic molecular skele- 
tons, yet in this product—formed at 90°C and 
characterized crystallographically—two carbon 
atoms previously bounding an edge of the ring 
are separated and linked independently to the 
tungsten center. Their hydrogen substituents are 
also lost in the process. Though the mechanism 
remains uncertain, the authors postulate that 
insertion of the tungsten into the C-H bonds 
precedes C-C scission. — ]SY 
Natl. Acad, Sci, U.S.A, 107, 10.1073/ 
pnas.0913466107 (2010); Nature 463, 523 (2010) 


Remember, Repeat After Me 


Quantum information processors in which 
information is encoded in single photons 
require the development of multiple compo- 
nents, to generate the single photons, store 
them, and then reliably read them from mem- 
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Py Register now. 


On July 2-7, 2010, Torino, Italy, will host the fourth edition of ESOF 


ESOF - Euroscience Open Forum - is an international meeting held every two years, dedicated to scientific research and innovation. 
Pp g 


It was designed by Euroscience as a unique oppo uss the frontiers of scientific and technological advancement, 


the relationship between science and society and the policies supporting research 


Close encounters with top scientists 

Conferences, workshops, and keynote lectures (part of the Scientific Programme) will be held at the impressive Lingotto venue, where 
the Exhibition will also be set up. There will also be plenty of activities specifically dedicated to young researchers (Career Programme) 
and potential entrepreneurs and investors in highly innovative businesses (Science to Business Programme). |n addition, Torino will 
showcase many original events aimed at the general public (Seience in the City Programme), held in historical palaces, squares 


and streets of the city. 


The Scientific Programme, main feature of ESOF2010 


We have chosen ten main themes as a focus for debate 


. Sustainable living and moving 
° Evolution, development and adaptation of organisms 

. Moving into and up from our quantum world 

. Responding to global needs 

. Frontiers in energy research 

. Science, knowledge, and belief 

e Memory and learning in organisms, social and artificial systems 
e Languages, cultures, and variability 

. Integrating science with health care 

° Policies - what follows? 


The Scientific Programme at a glance 


105 sessions, 454 speakers from 39 countries, 7 Nobel laureates among the speakers, 1 Opening Lecture by Julia Fischer, 


4 Plenary Lectures by Peter Agre, Kurt Withrich, Ada Yonath and Anton Zeilinger, 18 Keynote Lectures by prominent scientists. 


ESOF2010 is organized by TopESOF - Torino per ESOF2010, an association set up by: 
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ory and pass them on. Light, however, is always 
on the move, usually quickly, and so solid- 
state quantum memories represent a crucial 
component, as they would allow the bits of 
information to be stored while other bits can 
be manipulated. Afzelius et al. present a solid- 
state quantum memory in which an absorbed 
photon is stored as an electronic excitation 
within a rare earth ion—doped crystal. The 
energy levels and optical transitions of the 
crystal can be controlled and manipulated by 
a series of laser pulses, so that the absorbed 
photon can be stored for several tens of 
microseconds. The process can then be 
reversed to retrieve the photon from the 
stored electronic state. Such a robust on- 
demand quantum memory and repeater 
should prove invaluable for long-distance 
quantum communication networks. — ISO 
Phys. Rev. Lett. 104, 40503 (2010). 


DEVELOPMENT 
The Fantastic Fourth No Longer 


The number of exogenously expressed factors 
that can reprogram somatic cells into what are 
called induced pluripotent stem cells (iPSCs) 
has grown over the past 3 years. The original 
quartet of transcription factors—Oct4, Sox2, 
Klf4, and c-Myc—heads a list that includes 
familial relatives of the last three and other 
proteins such as the transcription factor Nanog 
and the RNA-binding protein Lin28. Oct4 had 
appeared to be indispensable and thus had 
been considered an essential part of the 
reprogramming code. 

However, Heng et al. report that Oct4 can 
be replaced. They screened 19 nuclear receptors 
and found that exogenous expression of the 
nuclear receptor Nr5a2 in mouse embryonic 
fibroblasts could 
enhance reprogram- 
ming efficiency by a 
factor of 4 as compared 
to the famous four fac- 
tors alone, Moreover, 
NrSa2 could in fact re- 
place Oct4 and act with Sox2, 
Klf4, and c-Myc to reprogram 
somatic cells. The gene expression 
and chromatin modification profiles 
of these iPSCs (like the iPSCs generated 
by expression of the original four factors) 
were more similar to those of embryonic stem 
cells than those of mouse embryonic fibro- 
blasts. Furthermore, the target genes of Nr5a2 
overlap with targets of Sox2 and Klf4 that are 
important in embryonic stem cell identity, such 
as Nanog. — LDC 

Cell Stem Cell 6, 167 (2010). 
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EDITORS'CHOICE 


CELL BIOLOGY 
One-Way Ticket 


Within the nucleus, chromatin is spatially organ- 
ized, and the intranuclear locations of genes can 
be correlated with their transcriptional activity. 
Ahmed et al. have identified two DNA sequences 
in chromatin that target genomic loci to the 
nuclear envelope in yeast. Peripheral targeting 
of genes, particularly those activated by stresses 
such as heat shock or nutrient deprivation, such 
as INO1, is linked to active transcription. Using 
deletion analyses and engineered plasmids, the 
authors identified an eight-base sequence in the 
promoter of /NO1, that when mutated, inhibited 
targeting of ectopic /NO1 to the nuclear periph- 
ery, as well as its transcriptional activation. They 
also identified several protein components of the 
nuclear pore complex (the exit channels from the 
nucleus to the cytoplasm) that were required for 
this localization. For peripheral targeting of the 
endogenous /NO1 gene, a second sequence in 
an upstream gene was also required. Searching 
through the genome, the authors identified 94 
promoters that contained the eight-base target- 
ing sequence, many of which were activated by 
heat shock, suggesting a common mechanism of 
activation and peripheral localization. — HP 
Nat. Cell Biol. 12, 111 (2010). 


MOLECULAR BIOLOGY 


An RNA Mimic of DNA 


RNAs—of the types known in the classical world 
as ribosomal, transfer, and messenger—are criti- 
cal for the readout of DNA sequence into protein. 
On the other hand, numerous regulatory 
processes are governed by the modern upstarts 
known collectively as noncoding RNAs. Kino et al. 
have used a yeast two-hybrid screen 
to search for genes encoding bind- 
ing partners for the DNA binding 
domain of the human glucocorti- 
coid receptor and come upon a 
noncoding RNA known as 
growth arrest-specific (Gas) 
5, so-called because this sin- 
gle-stranded RNA accumu- 
lates in cells exposed to 
conditions that prevent 
growth. The glucocorticoid 
receptor is a ligand-acti- 
vated transcription factor, and Gas5 binds to the 
receptor, inhibiting its ability to activate its target 
genes. The authors propose that a portion of the 
Gas5 RNA may mimic the glucocorticoid receptor 
binding site in DNA, establishing another means 
of modulating the transcriptional activities of 
nuclear receptors. — LBR 
Sci. Sig. 3, ra8 (2010). 
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Food and Flying 


German scientists have figured out why tomato 
juice tastes better aboard an airplane than on 
the ground (and coffee tastes worse). Low 
atmospheric pressure dampens the experience 
of sweet and salty tastes whereas sour comes 
through unchanged and bitter is slightly intensi- 
fied, says flavor chemist Andrea Burdack-Freitag 
of the Frauenhofer Institute for Building Physics 
in Holzkirchen. 

She and her colleagues asked 30 taste 
testers to rate their perceptions of different 
foods and wine while sitting in a partial Airbus 
A310 in a chamber with adjustable pressure. At 
ground pressures, tasters perceived tomato juice 
as musty, but at a low pressure typical in flight 
they found it fruitier, with cool notes. The com- 
plex aromas picked up by the nose that give cof- 
fee its flavor were barely perceived at low pres- 
sure, unmasking caffeine’s bitterness, Burdack- 
Freitag says. Lufthansa’s catering arm, which 
sponsored the study, wants to use the data to 
improve its menus. 


Elephant Gears 

How does an elephant shift up to 5 tons of bulk 
with each step? To find out, researchers in 
Thailand had trainers ride 34 elephants down 
8 meters of force-sensing plates at different 
speeds. Combining the data with video, the 
researchers mapped out the force the ele- 
phants exerted on the ground at each point in 
their stride. 

An elephant hits the ground with at most 
1.4 times its body weight, the team reports in 
the current Journal of Experimental Biology. By 
comparison, a human runner exerts peak forces 
of three times his or her body weight. And even 
at top speed, an elephant's center of mass moves 
up and down a centimeter. “ ‘Glide’? No, that’s 
not the right word,” says lead author Norman 
Heglund, a biomechanics expert at the Catholic 
University of Louvain in Belgium. But it’s close. 

“The fact that they were able to set up force 
plates with elephants and get data this good is 
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The table manners of false killer whales put ours to shame. Once they've caught a fish, each 
whale politely takes a bite and passes it on to another. If there’s a human nearby, he or she 
will be offered some, too. Dan McSweeney once had half a large tuna handed to him by a 
5-meter-long false killer whale. “I pushed it back. He took it and started chewing on it and 
then left. It was one of those magical moments,” says McSweeney of the Wild Whale Research 
Foundation in Hawaii. 

Their compulsive food sharing is one trait that has endeared Hawaii's false killer whales, 
which are actually dolphins, to whale watchers and divers. But over the past 2 decades, the state’s 
genetically distinct population has plummeted from more than 500 to 123 animals. The first-ever 
study based on satellite tagging the species, published last week in Endangered Species Research 
by McSweeney and others, found that at least once a month they venture far enough offshore to 
get caught on the hooks of longline fishers, who are barred from near-shore waters. 

This week, a federally appointed “take reduction team” is expected to consider extending 
the no-fishing zone. Fishing gear is a leading cause of the decline, along with pollutants and 
the overfishing of the tuna they depend on, says lead author Robin Baird of the Cascadia 
Research Collective in Olympia, who's a member of the panel. 


really mind-boggling,” says Daniel Schmitt, an 
expert in primate and animal locomotion at 
Duke University in Durham, North Carolina. 


Mega-Noise Over 
Nanotech 


A4-month national debate in France over the 


remain anonymous, calls the events a “pseudo- 


pros and cons of nanotechnology has ended 
prematurely after heckling by antinanotech pro- 
testers in five cities made public meetings 
impossible. Two weeks ago, the committee 
organizing the series of 17 debates threw in the 
towel, replacing the final two meetings with 
“Internet workshops” and making the wrap-up 
event in Paris on 23 February by invitation only. 
The main agitator appears to be a Grenoble- 
based group called Piéces et Main d’Oeuvre 
(French for “Parts and Labor”). PMO, a self- 
described “Luddite” group whose members 
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debate” masking a fait accompli. In an e-mail to 
Science, the group said itis fighting a “totalitar- 
ian nanoworld” in which “cyborgs and bionic 
humans" are enslaved through technology. 

“Shutting up a public debate this way is 
completely unacceptable,” says University of 
Rennes 1 physicist Ronan Lefort, a panelist at 
a7 January debate that hecklers disrupted. 
The committee still plans to issue a report, 
but many worry about future public debates 
on environmental issues, which are required 
by a 1995 law. 
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BRAZIL 


The battle against 
invasive carp 


Race for Cellulosic Fuels Spurs 
Brazilian Research Program 


CAMPINAS, BRAZIL—The ambition of plant 
biologist Marcos Buckeridge is echoed in 
the works he listens to during his commute 
to a new research laboratory here in 
Brazil’s sugar-cane country. Right now, he’s 
into American Prometheus, a biography of 
J. Robert Oppenheimer, father of the Man- 
hattan Project; next, a history of the U.S. 
space program. 

Buckeridge is hoping to keep Brazil in 
another international technology race, He 
is the scientific director of 
Brazil’s Bioethanol Science 
and Technology Center 
(CTBE), a $40 million facil- 
ity inaugurated on 22 Janu- 
ary. His task: to organize a 
world-class research pro- 
gram. “The Americans are 
spending more money,” says 
Buckeridge, “but if we suc- 
ceed, we will be regarded 
like Pelé, and scientific dis- 
covery will be treated as an 
act of heroism in Brazil.” At 
stake is Brazil's position as 
the world’s most efficient 
producer of ethanol 

Brazil got its start run- 
ning cars on ethanol during a 
1970s oil-independence 
push. These days, nearly 
every new car sold in Brazil can run on it. 


The country’s sugar-cane mills make 
ethanol for half of what it costs in the 
United States, where ethanol is made from 
corn, Expor 
liters per year. 

Keeping that lead won't be easy. 
Although Brazilian sugar cane is the most 
ethanol feedstock today, the 
and Europe are investing 
heavily in next-generation approaches. In 
2009, the U.S. Department of Energy alone 
budgeted more than $325 million for bio- 
fuel science and demonstration plants. 
Much of that effort is aimed at “cellulosic 
ethanol,” or how to obtain fermentable sug- 


s have surpassed 3 billion 


ars cheaply from straw, wood chir 
other plant material normally considered 
waste (Science, 16 March 2007, p. 1488). 
CTBE represents Brazil’s big bet to 
keep pace in cellulosic technology. Con- 
struction has started on a $12 million pilot 
plant, where scien! from across Brazil 
will study how to use enzymes to break 
down and access sugars that normally 
remain trapped in sugar-cane straw and 
processed stalks. known as bagasse. “Not 


Raising cane. President Luiz Inacio Lula da Silva and plant biologist Marcos Buckeridge at 
the inauguration of Brazil’s national Bioethanol Science and Technology Center last month. 


investing would be a very big ri 
Marco Aurélio Pinheiro Lima, a theoretical 
physicist who is CTBE’s director. “Brazil 
would end up having to purchase technol- 
ogy in areas it has 
ment is very aware of that. 

Until now, Brazil’s biofuel research has 
had a strongly practical bent. Industry 
agronomists developed new cane varieties, 
and steam-power experts taught sugar 
mills how to burn cane waste and make 
electricity. Engineers in Brazil also led the 
development and launch of flex-fuel vehi- 
cles that burn both ethanol and gasoline. 
Since 1975, the amount of ethanol 
squeezed from each acre of sugar cane has 


led. The govern- 


Newsmaker 


interview: 
Phil Jones 


more than doubled. 

Given that track record, not everyone in 
Brazil is convinced by the new cellulosic 
The view I defend is that the first- 
generation technology still has space to 
improve,” says José Goldemberg, a profes- 
sor at the University of Sao Paulo and for- 
mer education minister. Goldemberg thinks 
ethanol production can be vastly 
increased by expanding sugar-cane agricul- 
ture and introducing genetically modified 
crops, all well before cellulosic ethanol 
reaches economic viability. And because 
many Brazilian mills already burn cane 
waste to make electricity (producing about 
3% of the country’s electricity), there’s 
competition for cheap cellulose. Suani 
Teixeira Coelho, director of the Brazilian 
Reference Center on Bio- 
mass at the University of Sao 
Paulo, thinks the new nat- 
ional lab represents “a kind 
of megalomania. They are 
thinking if we don’t domi- 
nate the technology, some- 
one else will.” 

Buckeridge says it’s criti- 
cal that Brazil play a role in 
developing next-generation 
technology. He notes that 
about two-thirds of sugar 
cane’s sugars remain trapped 
in straw and bagasse in 
forms that ethanol-producing 
yeast can’t digest. Using 
conservative estimates, he 
calculates that cellulosic 
technology could increase 
per-acre ethanol production 
by 40%. “I don’t think you're going to get 
that with the first-generation technology,” 
he says. 

CTBE grew out of a study commis- 
sioned by Brazil’s Ministry of Science and 
Technology in 2005 that concluded that the 
country needed an internationally competi- 
tive national lab to coordinate its growing 
research efforts. Although precise figures 
are not available, public-sector funding for 
biofuel research has grown in Brazil by 
some 500% during the past decade and now 
totals about $90 million per year, says 
Carlos Henrique de Brito Cruz, scientific 
director of the State of Sio Paulo Research 
Foundation. “The main change in Brazil’s 
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strategy in bioethanol is making it much 
more science-based,” says Brito Cruz. 
That's a recognition that the competition 
comes from “countries that use a lot of se 
ence to improve their technology.” 

Brazil’s government has been anxio! 
about losing ground. In 2008, science min- 
ister Sérgio Rezende publicly complained 
when Monsanto paid $290 million to 
acquire two homegrown biotech start-ups, 
Alellyx and Canavialis, then developing 
new sugar-cane varieties. Rezende 
lamented the loss of two domestic technol- 
ogy “jewels” to “foreigners.” Yet Monsanto 
turned out to be only among the first in a 
wave of multinationals looking for 
footholds in Brazil. This month, Royal 
Dutch Shell agreed to a $12 billion joint 
venture with Brazil’s largest ethanol pro- 
ducer, Cosan. As part of the deal, Shell con- 
tributed its stake in two cellulosic ethanol 
start-ups, indicating that it planned to apply 
the technology first in Brazil. 

“Everyone wants to play in Brazil 
because of the cheap sugar. The technology 
is going to come whether Brazil develops it 
or not,” says Carl E. Pray, an economist at 
Rutgers University, New Brunswick, who 


U.S. CONGRESS 


Ehlers’s Retirement Called ‘Big Loss’ for Science 


Vernon Ehlers, a staunch supporter of 
ence and one of three phy’ in the U: 
retiring after 


came as Washington, D.C., grappled with a 
historic blizzard, was characteristic of the 
soft-spoken, self-effacing for- 
mer college professor, The 76- 
year-old Republican from cen- 
tral Michigan has been a quiet 
but insistent force on the House 
science committee, working 
with both Democratic and 
Republican chairs on legislation 
to improve U.S. science and 
math education and bolster fed- 
eral investments in research. His 
retirement at the end of the year 
will strip the science committee 
of arguably its two most influen- 
tial members following a similar 
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“Mr. Science.” Ehlers 
hopes to stay involved 
in science policy. 


The mammography 
guidelines debacle 
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1 USA. 5143 498 10.33 
2 Turkey 864 «158 5.47 
3 China 442 1453.05 
4 India 1076 ©6139 7.74 
5 Sweden 608 1354S 
6 Germany 501 118 = 4.25 
7 Japan 879 «117,— 7.51 
8 — England 502 925.46 
9 Spain 552 90 6.13, 
10 Canada 622 87 715 
11 Brazil 345 80 431 
12 Greece 245 55 4.45 
13 Taiwan 247 55 4.49 
14 Finland 215 524.13 
15 Italy 306 525.88. 
16 Netherlands 317,476.74 
17 France 150 46 (3.26 
18 Poland 25 38 (0.66 
19° SouthKorea = «167,354.77 
20 Belgium 314 339.52 


has been studying international aspects of 
biofuel R&D. Pray thinks Brazil stands to 
reap the benefits first no matter where cel- 
lulosic technology is developed: “Stuff that 
is developed in a lab in the U.S. is moving 


decision by its chair, Representative Bart 
Gordon (DTN), not to seek reelection after 
in the Hou: 
's a big, big loss,” says Sherwood 
Boehler, a former chair and a moderate 
Republican who retired in 2006. “He was 
Mr. Science in Congress, and he was my 
go-to guy whenever I had a 
question about research or sci- 
ence education.” 

Although Ehlers told Science 
that he felt “it was time to move 
on,” his retirement won't quench 
his lifelong passions. “I hope to 
stay involved,” Ehlers said. “I’ve 
spoken to some of the powers- 
that-be in Washington, and I 
think I can still play a role.” 
Ehlers said he couldn’t talk yet 
about his new gig, noting only 
that “I won't be doing it for the 
money.” He also wants to become 


China’s leprosy 
campaign 


to Brazil that night by e-mail.” 

For Brazilian academics, the growing 
interest in sugar cane is a chance to forge 
new international relationships. Last year, 
Brazil’s federal science agency issued a 
joint call for proposals to develop cellulosic 
ethanol with the European Union. For its 
part, CTBE signed a cooperation deal with 
the U.S. National Renewable Energy Labo- 
ratory. “We each work on our own feedstock 


So far, CTB! and laboratories 
are mostly empty. But equipment has begun 
arriving, and the center plans to have 170 
scientific and technical staff by 2013. The 
laboratory will focus on some immediate 
problems, such as developing farm 
machinery that uses GPS to run along trails 
and avoids compacting soil. But cellulosic 
technology remains the top goal. Starting 
next year, the lab will carry out what it 
terms “mega-experiments” to test ideas 
from researchers across Brazil in the pilot 
plant’s fermentation tanks and enzyme 
chambers. “For Brazil to have a role in this 
technology, we will have to work together,” 
says Pinheiro Lima. 


~ANTONIO REGALADO 


“an elder statesman” on behalf of continued 
federal support for research. 

Not one to toot his own horn, Ehlers 
nevertheless says he’s concerned about the 
continued vitality of the science committee 
with his and Gordon’s departure. “That was 
actually the biggest factor in my mind 
against retiring,” he explains, noting that he 
considered retiring 2 years ago but changed 
his mind. “I recognize the role I’ve played on 
the committee over the years. But there are 
still some good people there who care a lot 
about science,” 

David Goldston, a longtime aide to 
Boehlert and former committee staff director, 
describes Ehlers as “thoughtful and independ- 
ent, ... willing to work with anybody who 


takes these issues seriously.” Now head of 


government affairs for the Natural Resources 
Defense Council, Goldston says Ehlers “is the 
kind of member that Congress needs more 
than ever these days.” ~JEFFREY MERVIS 
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Eppendort & Science Prize 
for Neurobiology 


Get recognized! 


eppendorf 
& Science 
PRIZE FOR 
NEUROBIOLOGY 


Congratulations to Dr. Richard Benton on winning the 2009 
Eppendorf & Science Prize for his studies on odor detection in 


Deadline for entries 
June 15, 2010 the fruit fly, Drosophila. His findings have revealed unexpected 


evolutionary parallels between insect chemosensation, immune 
recognition and synaptic transmission. 


It's easy to apply! Learn more at The annual international Eppendorf & Science Prize for 
Ww. ‘ Neurobiology honors young scientists for their outstanding 
wy -eppendorf.com/prize contributions to neurobiology research based on methods of 
molecular and cell biology. The winner and finalists are selected 
by a committee of independent scientists, chaired by Science’s 
Senior Editor, Dr. Peter Stern. 


To be eligible, you must be 35 years of age or younger. If you're 


eppendorf Sc lence selected as this year’s winner, you will receive US$ 25,000, have 


In touch with life your work published in the prestigious journal Science and be 
invited to visit Eppendorf in Hamburg, Germany. 


Kurstin Roe Photography 


PNAS 105, 14 (8 APRIL 2006) © NATIONAL ACADEMY OF SCIENCES, USA. 
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CHINA 


Fear of MRI Scans Trips Up 


Brain Researchers 


BEIJING—Neuroscientist Zang Yu-Feng and 
his colleagues at Beijing Normal University 
plan to use functional magnetic resonance 
imaging (fMRI) to probe differences in brain 
activity between healthy children and those 
with attention deficit hyperactivity disorder, 
Intending to enroll children in the study, uni- 
versity students last December handed out 
fliers at a primary school. But they came away 
empty-handed: Pare worried that MRI 
scans might harm their children. 

Although MRI is widely embraced in 
China as a diagnostic tool, parents are reluctant 
to expose children to strong magneti ids. 
Such unease is not the only impediment. “It’s 
getting harder to do MRI studies because pub- 
lic distrust of doctors is increasing.” says Xie 
Sheng, a radiologist here at Peking University 
First Hospital. Reasons for distrust include 


MRI marks the spot. Tan Li-hai’s group found that dyslexic 
Chinese children, compared with controls, had less activity in 


a brain region important for Chinese reading and writing. 


heightened awareness of patients’ rights and 
more debate in the media about the relative 
merits of different treatments, s ys. The 
challenge of recruiting healthy children for 
studies has compelled Xie, for one, to resort to 
ill children—an approach that can backfire. 

After 3 decades in the clinic, MRI is consid- 
ered safer than x-ray scans and proton emission 
s physicist Yihong Yang, chief 
-s section at the National Insti- 


The main danger is for people with a pace- 
maker or other metal in their bodies. “Millions 
of people have been examined with MRI so far; 
thus it seems now very unlikely that there 
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would be a side effect Amo Villringer, 
director of cognitive neurology at the Max 
Planck Institute for Human Cognitive and 
Brain Sciences in Leipzig, Germany. 

In China, that reassurance cuts little ice 
with many parents—and some scientists. “I 
would not dare to allow my children to be 
tested by MRI,” says radiologist Han Hongbin 
of Peking University Third Hospital. “Nobody 
can ensure that there is no potential danger,” 
such as during nonroutine MRI scans that use 
extremely powerful magnetic fields, he says. 

In the fi of such concerns, some 
researchers take shortcuts. For example, Xie 
recently submitted a report to Epilepsy 
Research on epilepsy in toddlers. Last month, 
however, the journal rejected her article 
because her control subjects were unhealthy. 
Xie acknowledges that’s true: Most children 
she classified as controls had undergone 
MRI exams for other complaints. “It is 
too hard to recruit perfectly healthy chil- 


Some colleagues sympathize and sug- 
gest that exceptions to standard research 
practice should sometimes be allowed. 
Zang says that in Xie’s case, children who 
are not afflicted with epilepsy and haveno 
neurological complaints—but who may 
suffer from other ailments—are per- 
missible controls. Not so, says Huang 
Ruiwang, a magnetic resonance physicist 
at Beijing Normal, who argues that it was 
correct to reject Xie’s article. 

Recruitment goes more smoothly in 
the United States, where “many parents 
will allow their children to take the test,” 
says Damien Fair, a neuroscientist at 
Oregon Health and Science University 
in Portland. Even in China, some groups 
have had more |, co-director 
of the State Key Labora y of Brain and 
Cognitive Sciences at the Ui sity of Hong 
Kong, says he has never had trouble recruit- 
ing subjects for studies; his team recently 
identified brain regions crucial for reading 
and dyslexia in Chinese children. 

Tan's success heartens Zang, who believes 
his group can get its study back on track. They 
will resume their recruitment drive after the 
Lunar New Year festival ends this week 
although Zang says that this time around they 
will work harder to better inform parents 
about their research aims. -U}1A0 
Li Jiao is a writer in Beijing. 
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New Challenge to ‘Chronic Fatigue Virus’ 
Atheory linking chronic fatique syndrome 
(CFS) to an infectious mouse virus known as 
XMRV has taken a second major hit. First pro- 
posed last October, the virus-CFS connection 
was quickly challenged by a British group. 
Now a second team of British virologists 
reports that, after examining tissue from 170 
FS patients, they have failed to find evi- 
dence of XMRV. http://bit.ly/virusfatique 


What Doesn’t Kill Microbes 
Makes Them Stronger 

If you are taking antibiotics, your doctor will 
admonish you not to skip any pills and to 
continue the treatment even after you start to 
feel better. That's because failure to kill the 
bugs making you sick can cause some of 
them to become resistant to the antibiotics. 
Now, a new study explains how nonlethal 
antibiotic concentrations can lead to resist- 
ance. The drugs trigger the release of so- 
called reactive oxygen species inside bac- 
teria, which in turn cause mutations in the 
bugs’ DNA—including some that happen to 
cause resistance. http://bit.ly/rosmicrobes 


Holy Surgical Side Effect 
People of many religious faiths share the 
belief that there is a reality that transcends 
their personal experience. Now, a study with 
brain cancer patients hints at brain regions 
that may regulate this aspect of spiritual 
thinking. The researchers found that some 
patients who had surgery to remove part of 
the parietal cortex became more prone to 
“self-transcendence.” http://bit.ly/godspot 


First Gene Mutations Linked to Stuttering 
Researchers have pinpointed the first genetic 
mutations responsible for stuttering. The find 
links the condition, which afflicts about 5% 
of children and 1% of adults, to metabolic 
disorders and could lead to new treatments. 
http://bit.ly/stuttergene 


Read the full postings, comments, and more 
on sciencenow.sciencemag.org. 
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INVASIVE SPECIES 


Biologists Rush to Protect Great Lakes From Onslaught of Carp 


With Asian carp poised to invade Lake Michi- 
gan, wildlife managers are urgently trying to 
figure out how many of the voracious 1.5- 
meter-long fish have already slipped past elec- 
tric fish barriers in a waterway near Chicago 

and they are scrambling to shore up defenses. 
A new plan, released by federal agencies and 
other groups last week, aims to improve coor- 
dination among agencies dealing with the 
immediate threat and divvies up $78.5 million 
for control and research, Meanwhile, scientists 
and advocacy groups are pushing with 
renewed effort for what they say is the only 


barrier within a key choke point—the Chicago 
Sanitary and Ship Canal (Science, 11 July 
2003, p. 157). After testing started in 2002, a 
second, full-scale barrier was added to help 
repel any fish that try to swim upstream 


the invasion front was still 3S to 130 ‘Slornotrs 
south of the barriers. 

But last year, they got a rude shock. David 
Lodge, an invasive species biologist at the 
University of Notre Dame in Indiana, began 
testing water samples for Asian carp DNA. 
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Pressing onward. DNA tests indicate silver and bighead carp (left) have passed electric barriers. 


long-term solution: severing the connection 
between the Great Lakes and the Mississippi 
River Basin, a proposal that doesn’t sit well 
with the barge industry. 

The two invasive species—bighead carp 
(Aypophthalmichthys nobilis) and silver carp 
(H. molitrix)—are native to China and were 
introduced for aquaculture in the southern 
United States in the 1970s. After escaping, the 
fast-growing, fecund fish moved up the Missis- 
sippi River and its tributaries. In some places, 
the carp have caused a 90% decline in crus- 
tacean zooplankton and are apparently outcom- 
peting two native fish species, the gizzard shad 
and bigmouth buffalo, In addition, silver carp 
jump high out of the water when startled and 
have caused broken bones and concussions in 
boaters. Although eaten around the world, 
Asian carp have too many bones for the taste of 
most USS. anglers. 

Worried about the threat to the $7 billion 
recreational fishing industry in the Great 
Lakes from this and other invasive fish, Con- 
gress authorized the U.S. Army Corps of Engi- 
neers in 1996 to build a prototype electric fish 


Working with The Nature Conservancy, the 
team discovered DNA from silver and big- 
head carp several places above the barriers. 
Fish biologist Phil Moy of Wisconsin Sea 
Grant in Manitowoc believes the carp may 
have passed through the barriers a few years 
ago either during a power outage or when they 
were down for maintenance. 

Most alarming, in December, Lodge’s 
team found bighead and silver carp DNA in 
the mouth of the Calumet River—suggesting 
that some fish could already be in Lake 
Michigan. “That's what really lit a fire under 
everybody's seat,” says Marc Gaden, legisla- 
tive liaison of the Great Lakes Fishery Com- 
mission in Ann Arbor, Michigan. Soon, 
wildlife biologists netted a bighead and a sil- 
ver carp where they found DNA. 

The most immediate eradication measures 
are admittedly a stopgap. Over the next few 
weeks, the U.S. Fish and Wildlife Service and 
partners in Illinois will put more than 20 staff 
in up to nine boats for electrofishing and net- 
ting the carp, to the tune of $2.6 million. It 
won't be easy. “They are very difficult fish to 


catch at low density,” cautions biologist Duane 
Chapman of the U.S. Geological Survey 
(USGS) in Columbia, Missouri, “The chances 
of getting all of them are close to nil.” Still, he 
says, the more fish kept out of the Great Lakes, 
the better the chance of preventing an estab- 
lished population. 

The strategic plan also includes $13 million 
for the corps to speed completion of a third 
electrical barrier, now expected by October. 
Another $13.2 million would accelerate con- 
struction of physical barriers on the Des Plaines 
River and a canal to prevent fish from moving 
through with floodwaters. Additional funds. 
would go toward developing selective “bubble” 
barriers to keep fish from spawning areas in the 
Chicago-area waterways or, if necessary, in the 
Great Lakes. There’s also $1.5 million for 
USGS to work on formulating fish poison that 
targets only Asian carp and $1 million to study 
pheromones that might help trap or deter carp. 

The surest way to prevent carp from getting 
established, scientists say, is to achieve “ecolog- 
ical separation” by permanently closing the 
locks in Chicago and creating physical barriers 
to water flow in the other entry points to Lake 
Michigan. That might pose problems for the 
50,000 or so recreational and commercial boats 
that pass through the Chicago River Lock each 
year. One option, say advocates, is to lift the 
boats over, but the American Waterways Oper- 
ators opposes any substantial changes. In 
December, Michigan’s attorney general sued 
the state of Illinois, demanding that the canal 
locks be closed, but the U.S. Supreme Court 
declined to hear the case. 

Lodge and others says that an investment in 
separating the waterways would pay off by also 
preventing other invasive species, such as the 
northern snakehead fish, from reaching the 
Great Lakes—and reducing the odds that any 
of the more than 180 invaders in the lakes will 
travel inland via rivers. “It’s far moore exper ve 
to always be reacting” to invasions, he s 

As part of the new plan, the Army Cor 
moved up the deadline for its comprehensive 
study of how to prevent the movement of inva- 
sive species between the Great Lakes and the 
Mississippi River Basin to 2012. That’s not fast 
enough for Gaden and others. “We don’t have 
the time,” he says. There will be quicker action, 
according the strategic plan: By 30 April, the 
corps could begin modifying Chicago River 
Lock operations—opening it for only a few 
days a week, for example—to reduce the 
chance of carp getting through. 

-ERIK STOKSTAD 
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S. IMMIGRATION POLICY 


Prominent Iranian Scientist Blocked 
From Attending Physics Meeting 


Iranian physicist Farhad Ardalan has spent 
enough time in the United States to regard it as 
his second home, But a case of apparent mis- 
taken identity may prevent him from ever vis- 
iting his adopted country again. 

Last fall, Ardalan was named a fellow of 
the American Physical Society, in part 
because of his efforts to connect Iran to the 
global scientific community and strengthen 
bonds between Iran and the United States. 
The new class of fellows will be honored at 
the society's meeting next month in Portland, 
Oregon. But U.S. consular officials have 
derailed Ardalan’s application for a visa after 
telling him that U.S. government records 
show he was arrested in the United States in 
1983 for an unspecified offense. They also 
say that he may have been involved in depor- 
tation proceedings 20 years earlier. 

Ardalan denies both charges, and his U.S. 
colleagues say that the State Department is 
making a big mistake. “He is precisely the kind 
of person who should be welcomed to the 


Visa problems. Farhad Ardalan suspects a “doppel- 
ganger” has tainted his application. 

U,S.,” says Stanford University physicist 
Herman Winick about Ardalan, a string theo- 
rist at the Institute for the Study of Fundamen- 
tal Sciences in Tehran, 

Ardalan first came to the United States in 
1958 and attended Columbia University, 
where he received his bachelor’s and master’s 
degrees. After earning his Ph.D. in 1970, he 
returned to Iran to teach at Sharif University, 
where he helped create the first Iranian doc- 
toral program in physics. 

Ardalan spent sabbatical years at Yale and 
Stony Brook universities in 1974 and 1977 and 
made a short visit to the United States in 1986. 
He claims that, like most Iranians, he wasn’t 
allowed to leave the country for several years 
after the 1979 Iranian Revolution. “I simply 
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could not have been in the U.S. in 1983,” he 
says about the government's charge, which he 
first learned about when he appeared for his 
visa interview on 29 January at the U.S. 
Embassy in Bern, Switzerland. (Iranians must 
20 abroad for a US. visa.) 

When Ardalan disputed the charge, he 
. the official told him that his nam 
ingerprints matched the record of the arrest 
and that he would have to come back for 
another appointment to give officials time to 
look into the case. “I said, ‘Forget it.’ And I 
left,” says Ardalan. 

On 2 February, an e-mail from the U.S. 
Embassy leveled a new charge. “A check of 
US. records appears to suggest that you were 
involved in deportation proceedings before 
the New York office of the Immigration and 
Naturalization Service on July 5, 1962. 
Please confirm or dispute this information.” 
the e-mail said. 

“I don’t know what they are talking about,” 
says Ardalan. He says neither of these two 
charges were raised in 1993 when he and his 
wife received permanent residency in the 
United States. For the next decade, Ardalan 
spent several months every year as a visiting 
scientist at the University of Cincinnati in 
Ohio, working with his friend Freydoon 
Mansouri. Ardalan moved back to Iran after 
Mansouri died in 2003. 

Ardalan guesses that the problem is a dop- 
pelgiinger. “There was a person with the same 
name who wasa leader of the Kurdish guerrilla 
movement; asa result, for years | was routinely 
stopped and interrogated at the Tehran airport,” 
Ardalan says. It took a meeting with the head 
of airport security to clear his name. Ardalan 
says he deserves an apology for how he has 
been treated, and he refuses to go back to the 
or reapply for av 

State Department officials did not return 
calls for comment. The department has been 
criticized for botching visa applications of 
prominent scientists, including Goverdhan 
Mehta, an Indian chemist whose visa applica- 
tion was denied in 2006 (Science, 17 February 
2006, p. 933). 

“We hope the issue can be resolved and 
Ardalan can come to the March meeting,” says 
John Clark, a physicist at Washington Univer- 
sity in St. Louis, Missouri, and former chair of 
APS’s Forum on International Physics. The 
meeting runs from 15 to 19 March. 

~YUDHIJIT BHATTACHARJEE 
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Sciencelnsider 


From the Science 
Policy Blog 


The United Nations has formed a joint task 
force of experts from Haiti and around the 
world to provide advice on recovering 
from last month's disaster. The team 
hopes to generate a preliminary forecast of 
seismic activity and provide day-to-day 
advice to assist relief and recovery efforts. 
http://bit.ly/9USsek 


The new chief of Europe's top science pol- 
icy office says she's “passionate” about 
using research and innovation to spur eco- 
nomic development and push governments 
to invest 3% of their gross domestic prod- 
uct on science. Ireland’s Maire Geoghegan- 
Quinn thinks that not being a scientist may 
actually help her to “break down the barri- 
ers” to gaining greater public support. 
http:/bit.ly/98vixh 


First Lady Michelle Obama has launched 
a major initiative on childhood obesity 
that features a new nonprofit foundation. 
Let’s Move embraces better school lunches, 
more exercise, and more accessible healthy 
food, including financial incentives to bring 
farmers’ markets and full-service groceries 
to urban areas. http://bit.ly/agwuuA 


Along-running battle among farmers, 
conservation groups, and U.K. science 
advisers took a new turn when a team from 
the U.K. Medical Research Council reported 
that systematic culling of badgers does 
reduce outbreaks of bovine tuberculosis 
in British cattle but not enough to justify 
the cost of the cull, The finding likely won't 
end the controversy. http://bit.ly/djH7MS 


Foreigners living in one of the world’s most 
polluted cities now have more information 
about the quality of the air in Beijing. 
The U.S. Embassy, which has been using 
Twitter to publish average hourly readings 
of fine particulate matter, has also begun 
tweeting hourly data on ground-level 
ozone, the prime component of smog. But 
local residents will have to use a proxy 
server to access the data because Twitter is 
blocked in China. http://bit.ly/cQXoPn 


For the full postings and more, go to 
blogs.sciencemag.org/scienceinsider. 


19 FEBRUARY 2010 


933 


| NEWS OF THE WEEK 


934 


NEWSMAKER INTERVIEW 


Embattled U.K. Scientist Defends 
Track Record of Climate Center 


Phil Jones is at the center of a swirling con- 
troversy over e-mails stolen or leaked from 
the Climatic Research Unit (CRU) at the 
University of East Anglia in the United 
Kingdom, which he has directed since 2004, 
In the 3 months since those messages came 
to light, Jones has been battered by criticism 
that the e-mails reveal a failure to share cli- 
mate data publicly and an effort to prevent 
certain papers from being cited in interna- 
tional climate change reports. He’s stepped 
down temporarily from his job to allow for 
an independent inquiry, and he’s been 
treated for dept jon. 

But Jones hasn’t walked away from the 
battlefield. “I've got no agenda here. I’m not 
a politician. I’m just a scientist,” he told 
Science during an interview last week from 
the University of East An; Jones declined 
to talk about allegations concerning the 
hacked e-mails, citing the ongoing investiga- 
tion. But he forcefully defended the quality 
of the center’s efforts to create a global tem- 
perature database, which points to an average 
0.1°C warming of Earth’s land areas per 
decade since 1900. That work earned him a 
2002 medal from the European Geosciences 
Union, among other acclaim. 

Here are some highlights from the inter- 
view, a longer version of which appears online. 

ELI KINTISCH 


Q: If the CRU data set were set aside, are 
there other data that corroborate your find- 
ings about rising temperatures? 

P.J.: There’s the two other data sets produced 
in the U.S, [at NASA and the National 
Oceanic and Atmospheric Administration]. 
But there’s also a lot of other evi- 
dence showing that the world’s 
war' ming, by just looking outside 
and seeing gla retreating, 
the reduction of sea ice ... over- 
all, the reduction of snow areas in 
the Northern Hemisphere, the 
earlier [annual] breakup of sea ice and some 
land ice, and river ice around the world, and 
the fact that spring seems to be coming ear- 
lier in many parts of the world. 


Q: Critics say that your producing the same 
trends as the NASA and NOAA data sets is 
insignificant given that you start with the 
same raw data. 


Online: 
sciencemag.org 


An extended ver- 
sion of this inter- 
view can be found here. 


P.J.: There are differences. The two American 
sets use a larger number of [temperature] sta- 
tions than we do. They both use about 7200 
stations, and we use about 5000 stations. But 
we look at that data in different ways and 
have different techniques for deciding 
whether the stations are used or not. 


Q: One of the real challenges is going from 
the available raw data to the final tempera- 
ture sets that you release. Do you feel that 
you have released enough information that 
someone could repeat that exercise? 
P.J.: Yes, I feel they have. [Our papers] have 
been peer-reviewed; we've been doing this 
work for almost 30 years now. [NOAA] has 
something called the Global Historical Cli- 
matology Netwo 
download the 
it’s essentially the same data, it 
may not be exactly the same 
they could go and take that data, 
make their own choices about 
what stations to use, ... they 
could reproduce their own gridded tempera- 
ture data. A lot of the people at the moment 
criticize what we do but [are not doing] any- 
thing constructive and new. 


Q: A sticking point with some of your crit- 
ics has been how much of the data isn’t 
available. 

P]].: We've been putting up more of the data 


online on the U.K. Met Office site [cover- 
ing] 80% of the stations we use. You can 
download the data and you can download the 
program we use to produce the data sets. 


Q: One concern of your critics is whether 
there are adequate procedures in place to 
assure the quality of this data. 

P.J.: That’s the sort of work we've done in the 
past and published in the papers. 


Q: You've emphasized that you have a small 
staff. Would more people checking these 
data be a useful thing? 

P.J.: It could be useful, but then we've got to 
bring them up to speed in terms of what 
we're looking for. ... The national meteoro- 
logical services [which provide the raw 
numbers] are doing quality control on this 
data before it even reaches us. 


Q: When during your career has pressure 
from outsiders to criticize or, as you 
would put it, “distort” your work become 
significant? 

P.J.: In 2007, [as] the blog sites started then. 
I had responded to some of these people in 
years earlier but had given up. ... | just didn’t 
have the time to respond. They didn’t seem 
to want to understand. 


Q: One of the skeptics who wanted station 
data was Warwick Hughes. What did you 
mean when you wrote in an e-mail to him 
that “even if WMO [World Meteorological 
Organization] agrees, | will still not pass on 
the data. We have 25 or so years invested in 
the work.” 

P.J.: I'd rather not go there. It was an e-mail 
written in haste. 


Q: When did the pressure become severe? 

J.: In July 2009, we received 60 Freedom 
of Information requests in a few days—each 
as for five countries’ worth of data. 
We probably should’ve responded to these 
requests in a different way. We stand by the 
science that we were doing. Maybe we need 
to be more proactive and open about releas- 
ing data. But the 60 requests were just too 
much to deal with at that one time. 


Q: Do you have any regrets about how you 
handled the chapter you've co-authored in 
the 2007 IPCC report? 

P.J.: No regrets, but I don’t really want to go 
talking about IPCC. I stand by that chapter. 


Q: Why are you speaking out now? 
Itjust seems like the right time. It was too 
difficult back in November and December. 
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Behavioral Addictions Debut in Proposed DSM-V 


In psychiatry, the only disorders that have been 
considered addictions are those involving alco- 
hol or other drugs. Now, proposed revisions for 
in Psychiatric Association’s (APA's) 


and Statistical Manual of Mental 
t time 


Disorders (DSM) include for the fi 
“behavioral addictions” —a change some s 
long overdue and oth still premature 
(Science, 12 February, p, 770). 

So far, only one behavior has made the c 
gambling, which under the new proposa 
would join substance-use disorders as a full- 
fledged addiction. DSM has recognized 
pathological gambling for decades, but it has 
been consigned toa grab bag of “impulse con- 
trol disorders not otherwise specified” along 
with kleptomania, hair-pulling, and fire-setting. 
Many scientists have long believed that com- 
pulsive gamblers closely resemble alcoholic: 
not only from the outside—destroying job: 
finances, and relationships in pursuit of their 
obsession—but, increasingly, on the inside 
well. Brain imaging and neurochemical test 
have made a “pretty strong case that [gam- 
bling] activates the reward system in much the 
same way that a drug does,” says psychiatrist 
Charles O’Brien of the University of Pennsyl- 
vania and chair of the addictions work group 
for DSM-V. Gamblers report craving and 
highs in response to their stimulus of choice: 
gambling also runs along with other addic- 
tions in the same families. 

Psychologist Gerhard Meyer of the Univer- 
sity of Bremen in Germany says he’s been argu- 
ing since 1982 that pathological gambling 
should be classified as a behavioral addiction. 
group has shown that problem 
in heart rate 
and salivary stress hormones as well as blood 
levels of norepinephrine compared with non- 


Addict 


problem gamblers. The former also show 
in dopamine, the key player in 
‘eward circuit.” Mare Potenza, 
archer at 


DSM-V 


oratacimaging 
that when exposed to gambling 
videos, problem gamblers’ brains 
show “important similarities 
changes in the brains of cocaine 
addicts when viewing a video 
about cocaine. 

Other behaviors may eventu- 
ally follow gambling into DSM as 
addictions, as more is revealed 
about their neurobiology and 
genetics. The top contender at present is “Inter- 
net addiction,” which now has its foot in the 
DSM door, it will be listed in the appendix, a 
catch-all category for disorders that don’t meet 
criteria for a full-fledged diagnosis. Some 
researchers have argued that people whose 
Internet use seems to be out of control show 
many hallmarks of addiction such as tolerance 
and withdrawal. But there is still no consensus 
on what constitutes so-called Internet addic- 
tion. Some argue that it is not the computer 
that’s the issue but the content—mainly sex, 
gambling, and games—and that people 
hooked on the Internet suffer primarily from 
afflictions such as depression, personality dis- 
orders, and substance addictions. 

Some researchers say a case could be made 
for classifying some eating disorders, bulimia 
in particular, as addictions. Family studies 
show that bulimia clusters with alcoholism 
and drug abuse. “Binge eating disorder,” 
pulled out of the DSM-IV appendix and now 
proposed as a diagnosis in the eating disorders 
category, similarly has much in common 


GAMBLING 


J 


Control 


Hooked. Brains of pathological gamblers watching a gambling video resemble those of cocaine 


addicts watching a c 


‘aine video, with relatively less activation in regions implicated in judgment 


and motivation. Differences may reflect the toxic effects of cocaine exposure. 
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Second in a series 


with binge drinking. Columbia University 
physician Timothy Walsh, chair of the eating 
disorders work group, says he suspects 


“we'll discover underlying abnormalities in 
brain nua ¢ share C: 


“Sex addiction” has received a 
lot of press lately, but O’Brien 
says his work group found “no 
scientific evidence” that sex qual- 
ifies. APA psychiatrist Darrel 
Regier, co-chair of the DSM task 
force, says “it’s not clear that 
reward circuitry is operative in the same way 
as in addictive areas.” Nonetheless, a near 
equivalent may make it into the sexual dis- 
orders section of DSM: That work group is 
proposing a controversial new diagnosis of 
“hypersexual disorder’ 

The DSM teams have also tussled with the 
often-blurry line between addictions and com- 
pulsions. “I used to think [addictions] over- 
lapped with OCD [obsessive-compulsive dis- 
order].” says O’Brien. But new data from both 
brain-imaging and treatment studies suggest 
“more dissimilarities than similarities 

In another major change, O’Brien’s group 
recommends dropping categories of “abuse” 
and “dependence” and labeling all problems 
major and minor as substance “use disorders” 
(or “disordered gambling”). Since the late 
1980s, says O’Brien, “numerous large popu- 
lation studies” have shown there's no “break: 
point” wher 
more serious. He alo ys the term “depend- 
ence” only implies physiological depend- 
ence, which is not the same as the psycho- 
logical obsession of addiction. 

Some longtime addiction researchers, 
such as psychiatrist Victor Hesselbrock of the 
University of Connecticut, Farmington, have 
qualms about the direction DSM is moving. 
Hesselbrock believes behavioral addictions 
are dicey territory and prefers to limit the 
term “addi ” to substances, which are 
“pathogens we can identify.” He also objects 
to fusing all drinking problems into “alcohol 
use disorder.” Hesselbrock says he and others 
think there are proven subcategories of alco- 
holism that would aid both in treatment and dis- 
covering causes. “When you do a one-size-fits- 
all type of classification system,” he says, “that 
will fit a lot of people but not so well.” 

~CONSTANCE HOLDEN 
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Brawling Over 
Mammography 


Ascientific study of the benefits and harms of screening women 


in their 40s got buried by politics 


The Obama Admini 
described champion of science. But it was 
put on the spot last fall when it received a 
scientific report that que 
‘ening women routinely for breast cancer 


stration is a self- 


ioned the value of 


before age 50. The timing was bad, coming 


just as Democrats were trying to push 
health r 
nents of the legislation, the report smacked 


form through Congress. To oppo- 


of “medical rationing” by bureaucrats, the 
kind they claimed to see in the bills. It 
me a huge distraction, and in the end 
the Administration quietly distanced itself 


from the findings. 

The flap continued, loud and angry, for 
days. Experts and nonexperts lobbed cri- 
tiques and rebuttals, at times questioning 
one another’s motives. Authors of the report 
rejected the “rationing” charge, saying they 
never took cost into account. The nonprofit 
American Cancer Society, which had 
endorsed early breast cancer screening (at 
age 40), announced it wasn’t going to 
change its recommendation, But a leader of 
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the American College of Radiology, Daniel 
Kopans of Massachusetts General Hospital 
in Boston, was less restrained. He circulated 
a critique saying that the sponsor of the new 
report—the U.S. Preventive Services Task 
Force (USPSTF)—“does not think it is 
worth saving women in their 40s; ... itthinks 
that women should be allowed to die from 


their breast cancers.” 

Secretary of Health and Human Ser- 
vices (HHS) Kathleen Sebelius weighed in 
on 18 November. Her agency is the official 
home of USPSTF, but she didn’t defend its 
report. Instead, she ran for cover. She noted 
that USPSTF members are independent 
not HHS staff—and were appointed in this 
case by George W. Bush. On CBS News, 
Sebelius advised women to “do what you've 
don talk to your doctor.” Asked 
if she was “refuting” the task force, Sebelius 
said no, but added, “it is one panel of scien- 
tists and health officials who have waded 
into an area where the recommendations 
have gone back and forth for years.” 


always 


Researchers who had worked on the 
USPSTF guidelines were disappointed that 
their analysis was being dismissed out of 
hand. “Politics got in the way of the sci 
and the best public health practice,” s 
Jeanne Mandelblatt, an M.D.-epidemiolo- 
gist at Georgetown University in Washin; 
ton, D.C., and first author of an analysis for 
USPSTF by six groups that compared mod- 
els to find the best screening strategy. “It 
was very unfortunate,” adds Heidi Nelson, 
an M.D.-epidemiologist at the Oregon 
Health & Science University in Portland, 
who led a separate team that gathered evi- 
dence for USPSTF. 

Karla Kerlikowske, a breast cancer 
researcher at the University of California, 
San Francisco, was “amazed” that “people 
were reacting in | day” to studies that took 
her a long time to read. 
in science and evidence. 


m a big believer 
. [ thought people 
would really embrace the new science and 
say, ‘Wow, this is really good.’ ” One lesson 
she learned is that it’s hard to take away 
something that has been promoted in the 
past—and mammography at 40 has been 
widely promoted. Second, Kerlikowske 
s, “people just didn’t like the an: 
that’s what it came down to, unfortunately. 


Fury over the 40s 

The argument over mammography was in 
many ways an echo of clashes over the same 
issues in 1996 and 2002, when USPSTF, an 
independent group whose advice is intended 
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The closer you look. Experts are debating the false 
positives in mammograms of younger women. 


for primary care doctors and patients, 
issued its previous statements (Science, 
21 February 1997, p. 1056; 1 March 2002, 
p. 1624). Indeed, many of the same protag- 
onists came back to champion the same 
arguments. There was a difference, though: 
The 2002 USPSTF panel said that screen- 
ing should begin at age 40; 7 years later, 
USPSTF said age 50 is when women with 
no known risk factors for breast cancer 
should begin screening. 

Asked how the data changed in 2009, 
USPSTF task force co-chair Diana Petitti, 
an M.D.-biostatistician at Arizona State 
University, Tempe, said, “No change.” She 
added: “The evidence has pretty much been 
the same all along; it’s the packaging and the 
policy that goes with that packaging, and 
people’s perceptions, ... which seem to con- 
tinually cause the controversy.” 

The task force did alter the packaging: It 
took a closer look than did the earlier report 
at the potential “harms” of mammography. 
These include downsides such as false posi- 
tive x-ray results, extra doctor visits, biop- 
sies, surgery, and the anxiety that goes with 
a result that indicates a possibility of cancer. 

Many clinical trials have indicated that 
screening with mammography benefits 
women over 50, mainly because they have a 
fast-rising risk of developing breast cancer. 
Abnormalities picked up by x-rays are more 
likely to be dangerous; treating them as can- 
cer is more likely to save lives, and the 
“price” in false alarms seems worth paying. 
The panel concluded, however, that for 
women in their 40s, the benefits of routine 
screening by mammography don’t outweigh 
the harms. 

When to begin screening is 
complex. No one proposes that 
teenagers be screened, for exam- 
ple, Young women aren’t good 
candidates because their tissue 
may be more opaque to x-rays 


Parallels. Karla Kerlikowske is develop- 
ing markers to distinguish risky from 
benign DCIS tumors; since the 1980s, 
detection of DCIS exploded with the rise 
of mammography. 


featuring young women who said that a 
mammogram had saved their life. Such tes- 
timony is powerful but not relevant, Berry 
says. “We are all duped by observations,” 
Berry said in an e-mail, “and much of the 
medical community buys into screening. 
Some (exemplified by Dan Kopans) have 
their professional reputations on the line.” 
The paradox, explains epidemiologist 
Steven Goodman of Johns Hopkins Univer- 
sity in Baltimore, Maryland, is that “every 
woman who has been diagnosed through 
mammography feels that she benefited, but 
we know that even without the screening 
her cancer would have had a very high 
chance of successful treatment.” That is 
particularly true of a subcategory of small 
breast tumors known as ductal carcinoma in 
situ (DCIS), says Kerlikowske. Detection of 
DCIS has skyrocketed with mammography; 
incidence has increased 270% since 1987. 
Although nearly 100% of women survive 
DCIS, it’s treated as 
cancer, often with sur- 
gery and chemotherapy, 
because it’s not well 
understood, and—who 
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CHANGING ADVICE 
ON MAMMOGRAPHY SCREENING, 


U.S. PREVENTIVE SERVICES TASK FORCE 


Screen ages 50-75 every 1-2 years 
Screen ages 50-69 every 1-2 years 
Screen ages 40-69 every 1-2 years 


Against routine screening 
ages 40-49 years, 
but screen ages 50-74 every 2 years 


knows?— it might be dangerous. The diag- 
nosis of cancers that won’t progress, known 
as “overdiagnosis,” is a “diabolical phe- 
nomenon,” according to Goodman, 
because it can be seen only “through the 
prism of a population view.” 

The best guide to the benefits of screen- 
ing, statisticians say, is to look at deaths 
among women who sign up for screening in 
trials and compare this with deaths among 
those who don’t sign up. Nelson, who pulled 
together the data for the 2009 USPSTF 
review, conducted a meta-analysis combin- 
ing the eight best randomized clinical trials 
since 1986. This review includes information 
not in the 2002 USPSTF study from older 
Swedish trials and from a new trial designed 
to look at women in their 40s, a U.K. study 
completed in 2006 known as the “Age” trial. 
(The Age study found a small benefit— 
breast cancer deaths were down 17% in the 
screening group—but it wasn’t significant.) 
Women in the screening group had 
about 15% less likelihood of dying 
from breast cancer. Nelson’s group 
calculated that this corresponds to 
prevent one death from breast cancer 
for every 1904 women screened in 
their 40s. By the same index, screen- 
ing 50-year-olds prevents one death 
per 1339 women screened—a ratio 
the panel accepted. 

That small benefit is no surprise 
to Peter Gotzsche, an epidemiologist 
who heads the Nordic Cochrane Center in 
Copenhagen, Denmark. Getzsche and Ole 
Olsen co-authored analyses a decade ago 
that dismissed mammography-screening 
programs at any age as having no benefit 
for healthy women. Organized mammogra- 
phy is hyped, Gatzsche has said—a “med- 
ical scandal” that has “seduced” thousands. 
Even Gotzsche, however, recently adjusted 
his reading of mortality data. A 2009 review 
he co-authored acknowledges that trials 
have detected a slight decline—about 
15%—in deaths among women of all ages 
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screened by mammography. But the review 
finds this is negated by false alarms and 
unneeded medical procedures. 

At the opposite pole is Kopans. He sees 
a scandal, too, but for him it’s a conspiracy 
to obscure the good news that mammogra- 
phy works. Kopans has basic objections to 
the way that USPSTF and others slice the 
data. He claims that the 2009 
USPSTF analysis used “the 
lowest possible” number 
from trial data to represent 
the average benefit of mam- 
mography for women in their 
40s. He insists that experts 
should have cited a range of 
results from the best trials- 
from 15% to 44%. Or, he sug- 
gests, why not use the 44% 
benefit from the “Gothenburg” trial or the 
35% benefit from the “Malm6” trial, both in 
Sweden. That’s what he would do, and he 
credits mammography with reducing breast 
cancer deaths in the United States “by at 
least 30%” over 2 decades. And he insists 
that there is “no scientific support” for 
drawing a line at age 50. “The body doesn’t 
know it’s 50,” he says. Nelson has a terse 
response: “Fishing around to find an answer 
you like is inappropriate.” 


The dark side 


There is “no scientific 
support” for limiting 
mammography screening 
to those over 50. 


ridiculed.” She added later that, “People are 
saying it’s something we should ignore; I 
guess they've never been through a false- 
positive mammogram.” 

Goodman, who followed the debate 
closely, was also troubled by the gibes at the 
“harms” tally. He says he keeps a file of “car- 
toons that parody the reasoning of the task 


—DANIEL KOPANS, 
MASSACHUSETTS 
GENERAL HOSPITAL 


force, ... really terrible stuff.” He thinks 
USPSTF was right; indeed, he urged the 
panel to be specific in a critique of its 2002 
report. USPSTF authors, he wrote back then, 
were too “oblique” in adding up costs, and he 
called for hard data on the number of 
lumpectomies and mastectomies that follow 
false alarms. 

Goodman thinks the adverse effects are 
still soft-pedaled in the 2009 report. He says 
that he’s “totally shocked” that “the word 
‘mastectomy’ doesn’t appear” in the list of 
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mograms per round of screening 
(up to 10 times a decade), 84.3 
call-back doctor visits, and 9.3 
biopsies. (Exposure to radiation 
isn’t flagged as a major concern.) Expressed 
another way, for every case of invasive can- 
cer detected, 556 women have mammo- 
grams and five have biopsies. 

The false positives, the panel said, pro- 
duce untold anxiety in addition to needless 
follow-up procedures. The report’s attention 
to anxiety prompted snickers. In testimony 
for a House of Representatives panel in 
December, Petitti said, “The mention of 
anxiety and psychological distress as a 
harm of a false-positive test has ... been 


Churning. For every 1000 women in their 40s screened with mam- 
mography, about 100 initially get a false positive result. 


potential harms. The USPSTF evidence team 
considered getting into unnecessary surgery, 
according to Nelson, but she says a co-author 
at the Oregon Health & Science University, 
oncologist Arpana Naik, recommended 
against it. The reason, Nelson says: Naik 
argued that women opt for a mastectomy out 
of fear even when test results don’t indicate 
it’s needed, and Naik “talks people out of 
mastectomies every day.” The team felt that 
the high surgery rate would reflect U.S. cul- 
tural norms, not medical norms. 


“Much of the medical com- 
munity buys into screen- 
ing. ... We are all duped by 


[individual] observations.” 


—DONALD BERRY, 
M.D. ANDERSON 
CANCER CENTER 


Mangled message 

The 2009 review aimed for a “nuanced” 
view of the risks and benefits of screening, 
Petitti says, that would predict what might 
happen under different screening strategies. 
For this, USPSTF turned to “the best mod- 
elers from the top research institutions,” 
says Mandelblatt. A group led by Berry, 
called the Cancer Intervention 
and Surveillance Modeling 
Network, drew on experience 
to estimate how different 
screening frequencies and 
starting points would affect 
the number of x-ray exams, 
deaths avoided, and false pos- 
itives. The models plugged 
gaps in the trials. Among 
other things, Berry says, they 
confirmed the sketchy data on women in 
their 40s and “gave confidence” that screen- 
ing recommendations would be solid— 
particularly that having a mammogram 
every second year was fine for women over 
50. They also confirmed that new treatments 
have not made older trial data obsolete. 

The models led USPSTF to endorse the 
most efficient plan: Begin screening at age 50, 
screen every other year, and continue at least 
to age 74. Petitti later acknowledged that the 
technical language used in the message made 
it sound more negative than intended. When 
the furor erupted, USPSTF added a red-ink 
correction on the HHS Web site, making it 
clear that experts did not want women to avoid 
mammography and that women should “con- 
sult your doctor.” She concedes, “We commu- 
nicated what we really meant poorly.” 

Goodman agrees. USPSTF’s presenta- 
tion of findings was stiff and failed to con- 
sider how to communicate risks to a lay pub- 
lic. The task force, Goodman says, “was not 
prepared for what ensued” when it fell into 
the “tinderbox” of the congressional debate 
on health care. 

Despite the intensity of the public dis- 
agreement that followed the release of the 
USPSTF recommendations, it’s clear that 
people in all camps agree on at least one 
point: Research is needed to understand the 
biology of early-stage breast cancer better. 
Kerlikowske and others conclude that even 
the best analysis may not help the public 
understand risks if the disease is scary and 
the underlying biology is confused. 

A better understanding of DCIS and 
other early changes in breast tissue might 
make it possible to differentiate risk better 
and earlier, It might even help reduce the 
number of explosive policy brawls on mam- 
mography. ELIOT MARSHALL 
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CHINA 


Leprosy's Last Stand—or Early 
Days of a War of Attrition? 


China thought it had licked leprosy 10 years ago, but the disease is stubbornly 


hanging on 


JIANGYAN, CHINA—Shunned by his home 
village, You Yu-Gan has lived in a moat- 
ringed compound here in eastern China’s 
Jiangsu Province for 40 years. In 1970, the 
farmer was diagnosed with leprosy and 
bundled off to Jiangyan Leprosarium. 
Treatment with the antibiotic dapsone 
tamed his infection, but his hands and feet 
were irrevocably disfigured and You, like 
many leprosy victims, languished in quar- 
antine until a drug cocktail in the 1980s 
brought a long-elusive cure. Free to leave 
the leprosarium, You opted to stay. The 
other 118 residents are “like family,” 
explains You, 65, who earns a small income 
by helping in the clinic. Besides, he con- 
fesses, “I have nowhere else to go.” 

Some 20,000 disabled people still reside 
in 617 leprosaria or leprosy villages across 
China. After decades of neglect, the central 
government has launched a campaign to 
renovate decaying leprosy facilities. The 
overhaul is one prong of a reinvigorated 
strategy against an age-old malady that 
China nearly vanquished a decade ago but 
which persists mainly in remote parts of the 
southwest. To researchers’ consternation, 
the number of new leprosy cases reported 
each year in China has held steady since the 
late 1990s, A fresh worry here is a possible 
uptick in resistance to rifampicin, the big 
gun in multidrug therapy. 

Four years ago, conferees at a World 
Health Organization (WHO) forum con- 
cluded that leprosy was “on the verge of 
defeat.” But the recalcitrant foe has not sur- 
rendered. “The transmission of leprosy is 
not totally interrupted yet,” says Denis 
Daumerie, WHO's project manager for neg- 
lected tropical diseases. “Based on our cur- 
rent tools and knowledge, it is impossible to 
eradicate the disease,” adds Wang Baoxi, 
director of the Chinese Center for Disease 
Control and Prevention’s National Center 
for Leprosy Control (NCLC) in Nanjing. 

Nations have made great strides in bring- 
ing the disease to heel. Since a cocktail of 
rifampicin, dapsone, and clofazimine 
became standard treatment 30 years ago, the 
global disease burden has declined from 5.2 
million cases in 1985 to just over 213,000 
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last year. Leprosy continues to bedevil a few 
countries—for example, more than half of 
new cases in 2009 occurred in India. But by 
WHO’s definition, the disease was elimi- 
nated as a public health threat a decade ago 
when prevalence fell under one case per 
10,000 people worldwide. 

Chinese officials have set a more ambi- 
tious target: They define elimination as a 
prevalence of less than one case per 100,000 
people at the county level. A nationwide epi- 
demiological survey in 1957 netted 300,000 


Holding on. NCLC’s Yan Liangbin and a Jiangyan patient he 


recently operated on. Leprosy is still a , 
scourge in southwest China. 
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cases, and by the early °70s, an army of vil- 
lage health workers called “barefoot doc- 
tors” was helping professionals ferret out 
patients and steer them to leprosaria. Preva- 
lence fell from a peak of 23.5 cases per 
100,000 people in 1966 to 0.5 cases per 
100,000 in 2009, with the disease “elimi- 
nated” in 92% of China’s 1464 counties—“a 
great achievement,” says Zhang Guocheng, 
president of the China Leprosy Association. 
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But the endgame is shaping up as a long 
march. Early infections of Mycobacterium 
leprae easily evade detection; it can take up to 
20 years before symptoms from the slowly 
multiplying pathogen show, New cases in 
China have hovered at about 1600 a year for 
the past decade, with most occurring in poor, 
rural areas of three southwestern provinces, 
Guizhou, Sichuan, and Yunnan (sce map). 
Elsewhere in China, the majority of cases last 
year was among the 180 million workers who 
migrated to the industrialized east and south 
in search of jobs. “Leprosy detection in this 
floating population is a severe challenge,” 
Zhang says. An added complication is that in 
rural China, leprosy remains a social stigma. 
For that reason, Wang says, “many poor peo- 
ple refuse to be diagnosed.” 

Rifampicin resistance may pose a new 
threat. Whereas the other drugs in the cock- 
tail hobble M. leprae, rifampicin slays it. 
Rifampicin-resistant strains emerged in the 


_-1980s but may now be gaining 
> 


traction in China. “We're seeing 
increasing numbers of cases 
with rifampicin resistance,” says 
Chen Xiangsheng, a senior epi- 
demiologist at NCLC. The cen- 
ter is now setting up a national 
surveillance system for monitor- 
ing resistant strains. 

In the meantime, China is 
striving to make amends to the 
pariahs who have spent most of 
their adult lives in ramshackle 
wards. In December, Jiangyan 
Leprosarium completed a reno- 
vation of its 40-year-old facilities 
that included installing indoor 
plumbing, solar water heaters, 

and cable TV. The government is 
spending $32 million to refurbish 
leprosaria; after the leprosy victims die, 
officials say, the facilities will be used as 
he s for AIDS patients or retreats for 
treating drug addict: 

Leprosy victims are relishing the creature 
comforts. “It’s much better here now,” says 
Gu Jin Fa, who at 54 years old is the youngest 
resident of Jiangyan Leprosarium. He smiles 
at NCLC’s Yan Liangbin, who performed 
surgery on his feet a couple of years ago, 
enabling him to walk again after years in a 
wheelchair, Gu’s affection seems genuine, 
but because the bacterium ravaged his facial 
nerves his expression is strained and his left 
eye is tearing. Like many with severe disabil- 
ities or who would be shunned if they 
returned to their villages, Gu has no interest 
in reintegrating into society. “This is my 
home.” he says. ~RICHARD STONE 
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Improbable Partners Aim to Bring 
Biotechnology to a Himalayan Kingdom 


A British mycologist and a local businessperson have launched a pharmaceutical 
venture grounded in a Buddhist reverence for the environment 


THIMPU—In a quaint wooden house on a hill 
overlooking Bhutan’s rustic capital, dozens of 
test tubes lie on a table bathed in the morning 
sun. “This is the worst way to store fungi,” 
growls Nigel Hywel-Jones. The mycologist 
and a pair of young apprentices cooked up the 
growth medium themselves—potato dextrose 
agar—by chopping up and boiling spuds and 
adding dextrose, antibiotics, and agar powder. 
They filled test tubes with the homebrew and 
set them in a slope to maximize the surface 
area for culturing fungi, some possibly new to 
science, that they collected in Bhutan’s high 
country, It would have been better to keep the 
fungi frozen in suspended animation, but for 
now that’s not an option, says Hywel-Jones, 
who is waiting for a 80°C freezer to arrive. 
The challenges of carrying out high-caliber 
science are daunting in an isolated country 
known for tracking its standard of living with a 
Gross National Happiness index. Hywel- 
Jones, a lab chief at the National Center for 
Genetic Engineering and Biotechnology 
(BIOTEC) in Bangkok, arrived here last S 
tember to help a biotech company take root in 
a land with a mere handful of Ph.D. scientists. 
“[ was ready for anew challenge,” he says. 
Hywel-Jones, on a temporary assignment 
from BIOTEC, is serving as an adviser to 
Bhutan Pharmaceuticals Private Ltd. (BPPL), 
a company founded by local entrepreneur 
Wangdi Jamyang. Besides prospecting for 
fungi that attack insects and culturing isolates 
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that may have medicinal value, Hywel-Jones is 
crafting a business model for biotech in the 
kingdom. There is no dearth of raw materials. 
Bhutan’s highlands are a prime habitat for at 
least one prized commodity: an insect fungus, 
Cordyceps sinensis, that fetches outrageous 
prices as a Chinese medicine. Hywel-Jones 
believes that Bhutan, a biodiversity hot spot, 
may harbor a wealth of novel compounds for 
Western medicine, too, “There’s fantastic 
potential,” he says. Wangdi puts it this way: 
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Bhutan biopharma brain trust. Entrepreneur 
Wangdi Jamyang (left) and mycologist Nigel 
Hywel-Jones, 


“No one knows much about Bhutan, and that’s 
rand Bhutan.” 
that they are not embarking 
on a biological Gold Rush. For starters, BPPL 
is collaborating with the government's 
National Biodiversity Centre and has approval 
for now to collect only Cordyceps and related 
species. (The company hopes to expand to 
fungi and plants after Bhutan develops 
Wangdi emphasizes 
will be guided by a Bud- 
dhist reverence for the environment enshrined 
in Bhutan’s 2008 constitution, which calls for 
preserving 65% of the country as forest. “We 
want to set an example for future generations,” 
says Wangdi. “Look, just because we got 


ientists commend the new venture. 
“It is generally the case that big pharma has 
stopped its search for anti-infectious drugs,” 
says Gary Strobel, a plant scientist at Montana 
State University, Bozeman, who travels the 
globe in search of fungi of potential commer- 
cial value. “There are promising life forms out 
there, but few people seem to be interested in 
finding and utilizing them,” he says. 

Blazing a trail for the pharmaceutical 
industry carries a moral responsibility to pro- 
tect Bhutan’s interests, Wangdi says: “We'd like 
to open Bhutan to the world—the right way.” 


Biological Shangri-La 

After a half-hour hike into a mixed broadleaf 
and pine forest in Dodena, north of Thimpu, 
Hywel-Jones and Wangdi break for lunch at a 
makeshift camp 2800 meters above sea level, 


the first station on an arduous 5-day trek to a 
Cordyceps research site nestled in a valley 
more than 5000 meters high. The fungus is 
used in China to treat many ailments, from flu 
to impotence; in Bangkok, Hywel-Jones and 
colleagues ha olated novel Cordyceps 
metabolites, including an anti-tuberculosis 
agent that they have patented. Wangdi pas 
out sandwiches and hands Hywel-Jones his 
“diet”: a bottle of Druk 11000, a local beer. 

They make an odd couple. Wangdi, 41, 
trim with short black hair and an easy smile, 
opened his latest money-spinner, a laminate 
factory near the border with India, last 
December. Long-haired and irreverent, 
Hywel-Jones, 51, has gained renown in 
Bhutan’s upland villages for trekking in san- 
dals through snow to his research site and 
surviving for days on crackers and Marmite. 
The two enjoy a playful, wry rapport. 


SCIENCE www.sciencemag.org 


(CREDITS: &. STONE/SCIENCE 


Long before their improba- 
ble partnership began, Hywel- 
Jones had been coming to 
Bhutan on brief research 
stints, He first came in 2002, 
invited by Tshitila (like some 
Bhutanese, he goes by one 
name), an agronomist with 
the agriculture ministry's 
Renewable Natural Resources 
Research Centre in Yusipang. 
Tshitila had asked Hywel- 
Jones to consult on an urgent 
fungal problem, 

Every spring, Himalayan 
villagers fan out by the thou- 
sands to dig up the few-centi- 
meter-long fruiting bodies of 
C. sinensis, along with the 
husks of the ghost moth cater- 
pillars that the fungus ghoul- 
ishly devours. Known as 
yartsa guenbub in Bhutan, the 
finest Cordyceps fetches several thousand 
dollars per kilogram (Science, 21 November 
2008, p. 1182). 

In 1995, a royal decree declared Cordyceps 
a protected species and forbade its collection. 
Research was permitted, however, and a decade 
ago, when Tshitila and his colleagues were out 
in the field, they increasingly encountered 
poachers from Tibet coming across the porous 
northern border to collect Cordyceps. Not sur- 
prisingly, that left Bhutanese villagers fuming. 
“I remember Tshitila’s first e-mail asking if I 
could help with this problem,” says Hywel- 
Jones, a self-described “old-style, traditional 
taxonomist” who has named nearly 3 dozen 
fungal species. “I wrote back that | needed to 
see it firsthand. When he said ‘Sure,’ ” Hywel- 
Jones says, pumping his fi 
He then had to consultan atlas to find out where 
precisely Bhutan is located. 

In their initial survey in the spring of 2002 in 
the Soe Valley, Hywel-Jones, T: and col- 
leagues logged ample Cordyceps. They recom- 
mended that the government establish a 
research program on sustainable collection and 
legalize the harvest before the fruiting bodies 
shoot spores. “Our idea was that if locals were 
allowed to collect, they would put pressure on 
their Tibetan cousins not to collect,” Hywel- 
Jones says. In 2004, the ban on Cordyceps col- 
lection was lifted for 1 month every year, in 
June. That decision, says Wangdi, has pulled 
many rural Bhutanese out of poverty: Their 
earnings from Cordyceps can exceed a year’s 
income from yak herding. 

With support from the U.K. government's 
Darwin Initiative, in 2005 Hywel-Jones and 
Tshitila established research plots at Nam Nha, 
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Going once. ... Buyers examine Cordyceps before an auction; prime specimens fetch 
astronomical prices. 


in western Bhutan, that are monitored each year 
to track population levels and the effects of col- 
lecting. Meanwhile, BIOTEC has hosted 
Bhutanese researchers for training stints in 
Bangkok. In 2008, Hywel-Jones says, he met 
Wangdi, “and the rest is history.” 


Branding Bhutan 

In the library of the Institute of Traditional 
Medicine Services (ITMS) here, a young man 
wearing a gho, Bhutan’s national dress, care- 
fully unwraps a canary-yellow cotton cloth. 
Inside are long and narrow rectangular scrolls 
in jagged Dzongkha script. The ancient manu- 
script is a kind of medieval Merck Manual 
compiled when Bhutan was known as Lho Men 
Jong, or “Southern Land of Medicinal Herbs.” 

To Phurba Wangchuk, an ITMS bio- 
chemist who earned a master’s degree in natu- 
ral product chemistry from the Australian 
National University in Canberra, the: 
are the guiding prince 
care strategy, which is to ensure act 
high-quality, traditional Bhutanese medicine. 
ITMS trains practitioners and produces more 
than 100 preparations, including CordyPlus, 
a concoction based on Cordyceps and “other 
health-promoting ingredients,” says Phurba. 
ITMS’s preparations include several dozen 
medicinal plants found only in Bhutan 
organisms that are largely terra nova for 
Western scientists. 

One aim of BPPL is to zero in on active 
compounds. Phurba says that approach does 
not threaten ITMS, which focuses solely on tra- 
ditional medicines for the Bhutanese market. In 
the long run, developing Western medicines by 
synthesizing compounds could prevent unsus- 
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tainable exploitation of biologi- 
cal resources. For that reason, 
Phurba says, BPPL “is on the 
right track.” 

The road ahead is not easy. 
Phurba is one ofa rare breed of 
Bhutanese with credentials in 
this field, notes Hywel-Jones, 
whose two assistants have no 
previous lab experience. “It’s 
going to take time to build a 
research base,” he says. Toward 
that end, BPPL, in collabora- 
tion with the government, 
plans to send top students over- 
seas to carn bachelor’s degrees 
in areas such as biochemistry 
and mycology, in which expert- 
ise would benefit the company 
and the nation, Hywel-Jones 
envisions that 15 years from 
now, BPPL could have 200 or 
more research staff. 

In the short term, survival will require cut- 
ting deals with foreign companies. “They will 
be getting access to biodiversity that’s never 
been opened up before,” says Hywel-Jones, 
honing his sales pitch. “Only 500 species of 
fungi have been described in Bhutan, com- 
pared to 6000 species of higher plants. We 
know that there is six times more fungal bio- 
diversity as there is in plants. So there are 
many thousands of fungal species here that 
have not been characterized.” Hywel-Jones 
is “passionate and sincere” —and knows his 
stuff, says Roger Shivas, curator of Agri- 
Science Queensland's plant pathology 
herbarium in Indooroopilly, Australia. 

BPPL isin talks with Novozymes, a top pro- 
ducer of commercial enzymes in Bagsveerd, 
Denmark, to sell isolates of insect fungi for 
operating cash and a potential royalty if an iso- 
late were to have commercial value. Hywel- 
Jones hopes that ina few years, BPPL will have 
sufficient in-house expertise to screen isolates 
If. That game plan suits Wangdi. “I’m 
ing in Dr. Nigel,” he says. “Bad mistake!” 
Hywel-Jones says with a grin. 

Back in the forest, Hywel-Jones, in the 
mode most people in Bhutan encounter him 
wearing a T-shirt and sandals and downing a 
Druk 11000—says the adventure of launching 
a biotech industry in Bhutan came at just the 
right moment in ‘areer. “In Thailand, | was 
stuck in the lab, writing reports and proposals 
for bean counters and stuff like that. Yet, this is 
where I’m happiest and most productive,” he 
says. “The best ideas come when you're in the 
forest.” He and Wangdi hope that more than a 
few new drugs will emerge from Bhutan’s 
forests as well. ~RICHARD STONE 
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JOINT MATHEMATICS MEETINGS 


Politics as (Un)usual 


Politics said, is the art of the possible. And 
for decades, mathematical voting theorists 
have pointed to the possibility that different 
voting systems—from simple plurality to 
instant run-off to the rank-ordered Borda 
count—could produce vastly different res 
Donald Saari, director of the Institute for Math- 
ematical Behavioral Sciences at the University 
of California, Irvine, and a leading voting 
theorist, likes to boast that if you tell him the 
result you want (say, for a textbook selection or 
a new hire for your department) and your vot- 
ers’ actual preferences, he'll find a perfectly 
fair way of guaranteeing the desired result. 

But how common are such paradoxes in 
practice? Not very, if a recent case study is 
typical. In a session on voting theory at the 
joint meeting of the American Mathematical 
Society and the Mathematical Association of 
America, Anna Popova, a graduate student in 
psychology at the University of Illinois, 
Urbana-Champaign, described an analysis of 
ranked ballots from 8 years of voting for the 
presidency of the American Psychological 
Association (APA). She and her adviser, 
Michel Regenwetter, found that different 


Perfection in a Box 


Here’s a good way to keep mathematicians 

busy for centuries: Make up an object, call 

it “perfect,” and then try to find out if it 
exists. Take so-called perfect numbers: 
whole numbers such as 6 or 28, which equal 
the sum of their divisors (6 = 1 +2 + 3;28= 
1+2+4+7+ 14). It’s hard enough to find 
that are even, but no one has ever spot- 
ted a single one that’s odd. 

Things are even worse with “perfect 
cuboids”: rectangular bricks whose three 
different edges and four different diagonals 
(three on faces of the brick and one angling 
through its “body”) all have lengths that 
are exact integers. Nobody knows whether 
they exist at all, But something similar has 
just turned up: At the meeting, researchers 
reported the first sightings of “perfect 
parallelepipeds.” 

A parallelepiped is basically a brick whose 
sides are allowed to be parallelograms rather 
than strict 90° rectangles. Like a cuboid, a 
parallelepiped has three different edges, 
but it has 10 different diagonals: two on 
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voting methods gave the 
same result much more often 
than not. 

One classic voting para- 
dox is known as a Condorcet 
cycle. An extreme example 
occurs when a third of the vot- 
ers prefer Alice to Bob to Cathy, 
another third prefer Bob to Cathy to Alice, 
and a final third prefer Cathy to Alice to Bob. 
In such a case, an outright majority prefers 
Alice to Bob, a different outright majority 
prefers Bob to Cathy, and yet another outright 
majority prefers Cathy to Alice. Subtler 
examples, with the numbers not exactly 
equal, produce cases in which a reasonable 
argument can be made—and a voting system 
adopted—for electing any of the candidates. 

Popova and Regenwetter obtained data sets 
from APA elections from 1998 to 2005, each 
with upward of 20,000 voters giving full or 
partial rankings to five candidates for presi- 
dent. (APA uses a form of instant-runoff vot- 
ing, in which candidates with the fewest first- 
place votes are successively eliminated and 
their supporters’ ballots are redis- 


each of its three different sides, and four 
crisscrossing the body, Perfection is achieved 
ifall 13 of these numbers are exact integers. 
Now Clifford Reiter of Lafayette College 
in Easton, Pennsylvania, and Jorge Sawyer, 
an undergraduate at Lafayette, have found 
the first examples of perfect parallelepipeds. 
Their search depended on a simple property 
of all parallelograms, established by simple 


Aperfect 10. Can you find the 
10 diagonals that make the parallelepiped 
at right as perfect as the labeled one at left? 


SAN FRANCISCO, CALIFORNIA 


tributed to those 
voters’ second-place 
selections.) The research, which compared 
seven different voting methods, turned up no 
examples of Condorcet cycles and found only 
one case in which one method (plurality vote) 
produced a different winner from the others. 
Steven Brams, a voting theory expert at 
New York University in New York City, ques- 
tions the generality of the psychologists’ 
findings, noting that balloting in professional 
societies is often heavily influenced by the 
process of selecting nominees. “I don’t allege 
that its nominating committees pick some 
preferred candidate and then fill in the rest of 
the ballot with weak opponents,” he says. 


algebra: The sum of the squares of a parallel- 
ogram’s two diagonals is twice the sum of 
the squares of its two edges. With that for- 
mula and a bit of number theory to guide 
them, Reiter and Sawyer could easily run a 
systematic search for all parallelograms 
with edges of “short” integer length, say, 
into the thousands, whose diagonals are also 
integers. They then looked for combinations 
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Who's on first? Optical illusion (left) mimics a par- 
adoxical “everybody wins” outcome that can actually 
occur in ranked-choice voting. 


“But it may be more than coincidence that 
one candidate almost always handily beats 
four opponents.” Saari is similarly unsure. 
“The only way such an empirical result can 
happen is if people have remarkably similar 
preferences, much more so than we would 
expect in general society,” he says. 

Regenwetter agrees there’s a lot left to 
be explained. But it’s becoming clear, he 
says, that “the empirical world is highly 
different from the picture that has generally 
emerged out of the mathematical theory of 
social choice.” 


of these “perfect parallelograms” to serve as 
sides of candidate parallelepipeds and 
devised a computer algorithm to pick out the 
perfect ones. 

“The biggest surprise for me was how 
quickly we got results,” Sawyer says. Their 
first example has edges of length 271, 106, 
and 103 (see figure, left). In all, the computer 
search found 30 perfect parallelepipeds, with 
edge lengths up to 3920. Some are tantaliz~ 
ingly close to being cuboids, with one or two 
rectangular sides, Such findings “may spark 
even more interest in the perfect cuboid 
problem,” Sawyer says. 

Ezra Brown, a number theorist at Vir- 
ginia Polytechnic Institute and State Univer- 
sity in Blacksburg, agrees. “The size of 
Reiter and Sawyer’s smallest solution is very 
surprising,” he says. “Apparently, easing the 
restrictions that the faces be rectangles is 
more crucial than anyone thought.” 
Nonetheless, he notes, perfect cuboids, if 
they exist at all, are a long way off: Comput- 
ers have looked at all possible bricks with 
edge lengths up to 10 billion without finding 
a single one that’s perfect. 
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What Comes Next? 


One of mathematicians’ most beloved 
Web sites is getting ready for a makeover. 
The Online Encyclopedia of Integer 
Sequences, established by Neil Sloane at 
AT&T Labs Research in 1996 and run 
largely as a one-man shop, is poised to go 
“wiki,” with 50 associate editors taking over 
much of the workload. 

The OEIS, or simply “Sloane” as it’s 
known to sequen s, is a database of 
nearly 200,000 lists of numbers—a mathe- 
matical equivalent to the FBI’s voluminous 
fingerprint files, Much as fingerprints give 
police a quick way to link a new crime to 
earlier ones, sequences enable researchers 
to make connections between mathematical 
problems that might otherwise go unno- 
ticed. The innocuous-seeming sequence 1, 
2,5, 14, 42, 132, ..., for example, arises ina 
huge number of different contexts. from 
counting the arrangements of nonintersect- 
ing chords inside a circle to enumerating 
secondary structure possibilities of RNA.To 
sequence fanatics, such “Catalan numbers,” 
as they’re known, are even more famous 
than the ubiquitous Fibonacci sequence 1, 1, 
oe: ovat ele eae 
Sloane began compiling sequences in 
1965 as a graduate student at Cornell Uni- 
versity. By 1973 he had 2372 of them, 
which he published as A Handbook of Inte- 
ger Sequences, An updated edition, with 
5487 sequences, appeared in 1995, with the 
help of Simon Plouffe of the University of 
Quebec, Montreal. But by then, Sloane was 
already moving online. The OEIS made its 
debut a year later, with a database of 
10,000 sequences. 

The OEIS “is one of the most useful tools 
available online for the working mathemati- 
cian,” says Doron Zeilberger, a combinatorial- 
ist at Rutgers University, New Brunswick. “It 
also is a great tool for determining the novelty 
of a new sequence. If it is not in Sloane, it is 
most likely to be new!” 

The Web site invites users to submit new 
sequences or comment on existing ones. 
Such contributions have fueled the data- 
base’s steady growth. In 2009 alone, the 
total increased by 18,709 sequences, or 
more than 50 a day. “Sequences are still 
pouring in,” Sloane says. 

Even as he edits the constant stream of 
new sequences, Sloane takes time to admire 
some of the contributions. His latest favorite 
is the “toothpick sequence,” added in 2008 
by Omar Pol, an OEIS contributor from 
Buenos Aires. The toothpick sequence reg- 
isters the increasing size of a geometric 
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arrangement of toothpicks, in which a new 
batch is added at each stage, centered on and 
at right angles to the exposed tips of the pre- 
vious batch (see figure). The picture that 
emerges displays surprising fractal growth. 
“It’s got beautiful structure,” Sloane says. He 
and his AT&T colleague David Applegate 
have written a paper on the sequence’s math- 
ematical properties, and Applegate has con- 
tributed a movie of its geometric growth, 
linked to its entry in the OEIS. 

Sloane set up the OEIS Foundation last 
year and transferred intellectual-property 
rights to the nonprofit organization, With 
Applegate’s help, he plans to move the data- 


Chewy. Database managed by Neil Sloan (top) 
includes the “toothpick” sequence (1, 3, 7, 11, 15, 
23, 35,...), shown here in color-coded steps. 


base to a wiki format, giving each sequence 
its own Web page, with new submissions 
moderated by a board of editors. The transi- 
tion has hit a snag, however: Search-engine 
software in the “wikiverse” can’t yet handle 
sequences of numbers. 

Once that technicality is overcome, 
Sloane expects the wiki format to be an 
improvement. “It’s the correct mechanism 
for handling the database,” he says. As for 
his anticipated reduced workload, “it'll 
mostly be a relief. On the other hand, Ill 
miss all the e-mails.” 


—BARRY CIPRA 
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New Mexico Center for Spatiotemporal 
Modeling of Cell Signaling, 

Los Alamos Center for Nonlinear Studies, and 
Santa Fe Complex announce: 


"The Art and Science 
of Systems Biology" 


March 26 & 27, 2010 


The first public display of the winner: 
the 


Exhibits and all events are free and open 
tothe public. There will be a reception 
with scientists and artists followed by a 
public science lecture on Friday and 
Saturday. 


The show will also feature contributed 
scientific visualizations and artistic 
expressions relevant to the theme of 
systems biology, including immersive 
projections and interactive exhibits. 


Santa Fe Complex 
632 Agua Fria, Santa Fe, NM 8750. 


Please call 505-216-7562 to register and 
visit sicomplex.org/sysbio for a detailed 
event schedule, 


stmc.health.unm.edu 
Jani.gov 


Summer Internshi 
udents with Dis 
j| 


To meet the challenge of the com, conomy in tl 
‘new millennium, private industry an nment researc 
ncie pand the pool of technical talent. AAAS. 
started Entry Point!, a program that offers students with 
disabilities competitive internship opportunities in science, 
‘engineering, mathematics, computer science, ind so 


fields of ne of the 


And this is just 


pert ogeth can mal renc 
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Visualization Challenge 


SOMETIMES SCIENTIFIC INFORMATION CAN BE VIVIDLY REPRESENTED WITH 

commonplace materials. Take the illustration on the cover of this issue of 

Science. It is a three-dimensional art installation made from 75,000 cable zip 

ties depicting the dynamic relationships between endothe- 

u lial cells and their surrounding microenvironment. Or turn to 

On | Ine page 950 for a description of how cotton batting, a clothes- 

sciencemag.org line, and sewing pins are used in a video to illustrate the 

Slideshow and impact of the environment on gene expression. The sculpture 

podcast interview and video are among the awardees in this year’s International 
Science & Engineering Visualization Challenge. 

Clearly, the convergence of art and science can successfully convey complex 
phenomena in spectacular ways. 

For the past 7 years, Science and the U.S. National Science Foundation (NSF) 
have co-sponsored annual challenges to promote cutting-edge efforts to visu- 
alize scientific data, principles, and findings. The visualization challenge is 
intended to showcase and encourage this kind of work. 

This year’s entries present a bold and unique look at life, from the broad 
view of planet Earth, to a more intimate picture of activity inside the human 
brain. We received 130 entries from 14 countries, 23 U.S. states, and the 
District of Columbia. A committee of staff members from Science and NSF 
screened the entries, and an outside panel of experts in scientific visualization 
reviewed the finalists and selected the winners. The winning entries appear on 
the following pages. 

We encourage you to submit applications for next year’s challenge, details of 
which will be available at www.nsf.gov/news/scivis, and to join us in celebrat- 
ing this year’s winners. 

Tarri Joyner of NSF organized this year’s challenge. Michael Torrice of Scienc 
news staff wrote the text that accompanies the images in this special ion, and 
Martyn Green, Tara Marathe, and Andrew Whitesell put together a special Web 
presentation at www.sciencemag.org/special/ vis2009/. 

— JEFF NESBIT, DIRECTOR, OFFICE OF LEGISLATIVE AND PUBLIC AFFAIRS, NSF 
MONICA BRADFORD, EXECUTIVE EDITOR, SCIENCE 
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Donna Cox 
University of Illinois 
Urbana, IL 


Thomas Lucas 
Thomas Lucas Productions Inc. 
Ossining, NY 


Alisa Zapp Machalek 

National Institute of General Medical 
Sciences 

Bethesda, MD 


Corinne Sandrone 
Johns Hopkins School of Medicine 
Baltimore, MD 


Tierney Thys 


National Geographic Emerging Explorer 
Carmel, CA 


Thomas Wagner 
Cryosphere Science Program, NASA 
Washington, DC 
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Kuen’s Surface: A Meditation on Euclid, 


Jniversity of California, | 


Sketch a line and then draw a point off it. How many 
lines parallel to the first line can you draw through that 
point? The Greek mathematician Euclid said just one, 
but for more than 2000 years after his death, mathema- 
ticians struggled to prove that he was right based on 
his other geometric rules. Then the 19th century Rus- 
sian mathematician Nikolai Lobachevsky showed that 
you couldn’t: In some circumstances, you can sketch an 
infinite number of lines through that point and not vio- 
late any of Euclid’s other axioms. Mathematician Dick 
Palais of the University of California, Irvine, and dig 
ital artist Luc Benard wanted to convey the history of 
Lobachevsky’s solution to this mathematical puzzle with 
their illustration. 

Lobachevsky’s work “caused a big stir, 
imagine,” Palais says. Other mathematicians b 


you can 


www.sciencemag.org SCIENCE VOL 327 


Illustration 


First-Place Winners 


ing on the discovery and created new kinds of geometry. 
(Albert Einstein used these geometries when he developed 
his general theory of relativity.) One important discovery 
they made was that surfaces called p 
violate Euclid’s parallel postulate, could be d 


ibed sim- 


ply from solutions to an equation called sine-Gordon. 

In this illustration, a sheet of paper shows sketches 
of one of these surfaces, called Kuen’s surface, and the 
expression, called a soliton, that describes it. “We wanted 
to talk about these equations in a way that nonmathe- 
maticians could understand,” Palais says. “So we took 
a symbolic approach: The surface it 
bol for that equation.” Benard rendered Kuen’s sur 
to resemble a glass sculpture, reflecting light bouncing 
off the paper and into the shape’s many folds—a process 
that required more than 200 hours of computer time. 

The judges appreciated how the page on the table 
connect unning glass shape with mathematical 
theory. stration made me “feel like I was being 
asked to sit down at the table and engage with the math,” 
says panel of judges member Corinne Sandone. 
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Jellyfish Burger 


Dave Beck, Clarkson University, and Jennifer Jacquet, 
University of British Columbia 


Fast-food diners don’t expect stringy tentacles ora gelatinous blob 
when they bite into their burger. But marine scientist Jennifer 
Jacquet of the University of British Columbia in Canada and digi- 
tal artist Dave Beck’s illustration uses this absurd, grotesque image 
to make their point: Overfishing and climate change have signif- 
icant consequences for marine ecosystems. As the numbers of 
larger fish dwindle and ocean temperatures rise, the sea becomes 
more and more ideal for the floating creatures, Jacquet says. 

Jacquet’s adviser, Daniel Pauly, first dreamt up the jellyfish 
burger as an absurd metaphor for where overfishing was leading 
us. To illustrate the idea, Jacquet contacted Beck, whom she’s 
known since the fifth grade. Beck set up a fake burger shoot with 
buns, tomatoes, and lettuce from the market. He then digitally 
added the computer-generated jellyfish, adjusting it for just the 
right amount of rubbery gooeyness. “I wanted it to be both funny 
and scary.” Beck says. “My ultimate goal is to reel viewers in so 
that they're no longer interested in the image, but they’re now 
thinking about the larger issue.” Along with the burger, Jacquet 
has also imagined a series of follow-up illustrations to create a possible exhibit of seafood of 
the future, including krill chowder and squid and chips. 


Back to the Future 


Mario De Stefano, Antonia Auletta, and Carla Langella, 
The Second University of Naples 


Nature has been building microscopic cellular solar panels for 
almost 200 million years. So let’s follow her lead, says marine 
biologist Mario De Stefano of the Second University of Naples 
in Italy. De Stefano and his collaborators have been studying dia- 
toms, microscopic algae, and they believe the organisms’ cellu- 
lar structures could inspire the design of solar panels. This illus- 
tration demonstrates the principles of biomimeticism, which 
involves looking “to natural organisms to see our future,” De 
Stefano says. In the foreground, a scanning electron microscope 
image shows the blue fans of diatom colonies from the species 
Licmophora flabellata that have attached themselves to a sand 
grain with a long, gelatinous anchor, called a peduncle. Each cell 
is a flat wedge with a glasslike wall shaped to maximize its sur- 
face area and absorb sunlight more efficiently for photosynthesis. 
Behind the sand grain, the team presents computer drawings of 
their bio-inspired solar panels, which would stand 3 meters tall 
with a span of 50 meters. De Stefano and his collaborators have 
started building these panels and believe that they could be used 
to create solar-powered street lamps. 
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Genomics Digital Lab: Cell Biology 


Jeremy Friedberg and Andrea Bielecki, 
Spongelab Interactive 


Video games allow players to rock out like Jimi Hendrix or hurl 
on Manning. In this interactive media 
entry, they can turn sunlight into electrons and convert sugar into 
energy like a plant cell. Jeremy Friedberg and his team at Spongelab 
Interactive in Toronto, Canada, designed this Web-based game to 
teach high school students about the intricate cycles and pathways 
that keep the cell alive by generating and burning energy. 

At the start of each game, the camera zooms into the cr tion 
ofa leaf and focuses on a glowing cell. Then the students must play 
the role of that cell, building and maintaining its cy nd pathways 
to score energy points. In one game, players have to man- 
age glycolysis, the pathway that breaks down the sugar 
glucose, by shooting enzymes at molecules marching on 
tracks to convert them into new chemicals that the cell 
can use. The final games focus on transcribing genes and 
synthesizing proteins processes on which cells spend 
much of their energy. Similar to Guitar Hero, players 
transcribing a gene must hit the appropriate RNA base 
letter as the DNA template scrolls down the screen. Too 
many mistakes and the cell becomes sick. 

Games can be important educational tools that go 
beyond rote memorization, Freidberg says. “I want to 
know if my students can think critically and be creative 
and figure out ways through problems,” he says. “That's 
what games can do: They can create scenarios that make 
students problem-solve.” 

The judges “were impressed with the incredible 
attention to detail and accurate representation of cell 
. as well as the use of story lines to draw in and sustain the users’ attention,” says 
ly only wish is that I'd had more time to play it!” 


touchdown passes like Pey 


structures 


panel of judges member Tierney Thy 
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The Epigenetics of Identical Twins 
Harmony Starr and Molly Malone, University of Utah 


As children, identical twins are indistinguishable. But as they reach 
adulthood, physical differences develop: One twin may go gray ear- 
lier or the other's facial features may seem more youthful. This short 
video from the Genetic Science Learning Center at the University of 
Utah explains that one reason for this phenomenon is epigenetics, 
the chemical changes cells make to chromosomes. 

The A, T, C, and G letters of our genetic code are familiar enough. 
But enzymes write another message onto the nucleotides of our 
DNA and our chromosome’s proteins to control how our genes turn 
on and off. 

Harmony Starr and Molly Malone tell the story of how two twins’ 
epigenetic codes change with their different environments and life 
choices. The video starts with tubes of cotton batting clipped onto 
a clothesline to depict the chromosomes the twins inherit from their 
parents. Red-topped sewing pins pushed into each tube represent the 
chemical tags of each chromosome’s epigenetic code. As the twins 
grow from infant to adult—visualized by a scroll unraveling from a 
rolling pin—hands place objects that symbolize environmental dif- 
ferences next to clothes baskets filled with each twins’ chromosome 


tubes. With each new factor, such as an ashtray for smoking or a jump 
rope for exercise, the hands push more pins into the white tubes. By 
the end of the video, corresponding chromosomes from each twin 
have visibly different pin patterns dotting them. 

This low-tech approach to explaining a technical topic was inten 
tional: “Because there is so much use of computer graphics [in sci- 
ence videos], we hoped the style of this piece would catch people's 
attention with its simplicity and quirkiness,” says the center’s direc- 
tor, Louisa Stark. The judges agreed. “It was a delightful way to 
present an extraordinarily detailed scientific concept that is acces- 
sible and entertaining to an audience,” says panel of judges mem- 
ber Alisa Zapp Machalek. “You could tell that the producers had a 
tremendous amount of fun conceiving and making it,” says judge 
Thomas Lucas. 
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Follow the Money: Human Mobility 
and Effective Communities 


Christian Thiemann and Daniel Grady, 
Northwestern University 


Ever wonder where your dollar bills travel after you plop 
them down for a cup of coffee? The Web site Where’s 
George? allows you to do just that: Record your bill’s 
serial number and then track its journeys as other peo- 
ple spend it across the country. But it’s more than just 
a game. Because every time a dollar is spent in a new 
place, it means someone moved it there. Christian 
Thiemann and Daniel Grady of Northwestern University 
in Evanston, Illinois, have been using the Web site’s data 
to study how people move within the United States. 

They produced this video to explain their project and 
animate the results. Tiny bills stretch out from county to 
county on a map of the contiguous United States. Some 
places, such as Los Angeles, California, have many bills 
passing through it from across the nation, while oth- 
ers, such as Anderson County in Tennessee—Grady’s 
home—have just a few that mainly cycle locally. From 
this travel data, the team ran computer algorithms to find 
what they call effective communities within the United 
States. People tend to travel more within these invisi- 
ble boundaries than outside them. In the video, coun- 
ties flash and wiggle as the computer algorithm tries to 
decide which counties belong in the right community. 
“Normally, ... you just push a button and wait for 2 hours 
and thenall you get are numbers, which is really boring,” 
Thiemann says. “But [the animation] makes the process 
visible and shows you how interesting it can be.” 

Grady hopes the video will stimulate other people to 
think up new ideas about what to do with these data. 
They’ve already started using it to study how diseases, 
such as HIN1, spread, and linguistics professors want to 
compare these travel boundaries to dialect boundaries. 

Panel of judges member Corinne Sandone thought 
the video had a whimsical, quirky appeal, like that of 
independent films. “I liked the extreme geekiness of it 
and how it made me want to watch it again to absorb it 
all,” says judge Thomas Lucas. “It was so rich.” 
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Decision Support System for Tsunami 
Early Warning 


Gregor Hochleitner, Christian Gredel, and Nils Sparwasser, 
German Aerospace Center (DLR) 


After the 2004 Indian Ocean earthquake triggered a devastating tsu- 
nami that killed more than 200,000 people, Germany and Indonesia 
designed a new system to warn people when a tidal wave is about to 
strike. Nils Sparwasser and his collaborators at the German Aero- 
space Center produced this video to explain how the new German 
Indonesian Tsunami Early Warning System combines data from 
underwater probes, orbiting global positioning system 
satellites, and floating buoys to better detect a com- 
ing tidal wave. Starting with a hypothetical earthquake 
off the coast of Sumatra, the video’s animations show 
how the different components relay their information 
to a central decision-making center and how computers 
there then predict which areas should be evacuated. “We 
wanted to explain that the new system works with much 
more information [than previous systems].” Sparwasser 
says. “So if it generates a warning, they have a really 
good reason to evacuate.” 


Inside the Brain: 
Unraveling the Mystery of Alzheimer’s Disease 


Stacy Jannis, William Dempsey, and Rebekah Fredenburg, 
Jannis Productions 


Ina brain riddled with Alzheimer’s disease, protein tangles grow and 
connections between nerve cells shrivel. This video by Stacy Jannis 
and her team at Jannis Productions in Silver Spring, Maryland, ani- 
mates these microscopic damages to explain how the disease starts. 
The team produced the movie for the National Institute on Aging to 
depict scientists’ most current understanding of what happens inside 
cells during the disease. The video’s computer graphics 
animate the molecules that start the trouble: Enzymes 
snip amyloid precursor protein in the wrong spot to cre- 
ate fragments that form long, destructive plaques; mean- 
while, tau proteins go awry and tangle up with other pro- 
teins in the cell. “A lot of people have a sense of how the 
disease affects a person’s personality and mental func- 
tioning,” Jannis says. “But we wanted to show that there 
are specific cellular reasons behind all of that.” 
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Informational Graphics 


First-Place Winner 


brains start when cells in a 4-week-old embryo fold up 
into a tube. They then zoom in to describe how indi- 
vidual nerve cells form connections by reaching out 
and firing chemical signals at each other, a process that 
continues even after birth. Fast-forward to the teenage 
years and the brain is still developing—especially the 
frontal lobe, which is the judgment and decision-making 
center, “Which might explain a lot,” the team writes in 
a frame with a woman pointing at her boyfriend's high- 
school yearbook and laughing at his embarrassing ward- 
robe choices. 

Godwin and Cham—who developed the strip 
Piled Higher and Deeper (PhD)—started working on 
neuroscience-themed comic strips together in 2007. To 
design their cartoons, which now appear in Scientific 
American Mind, Godwin begins by reviewing the latest 


Brain Development 


Dwayne Godwin, Wake Forest University School of 
Medicine, and Jorge Cham, www.phdcomics.com 


Some comic strips tell stories about caped superheroes 
saving their city or obese cats tormenting dogs. But this 
strip tells the tale of how the most complex object in the 
universe—your brain—develops. 

Neuroscientist Dwayne Godwin of Wake Forest Uni- 
versity School of Medicine in Winston-Salem, North 
Carolina, and cartoonist Jorge Cham hope to tap into 
people’s curiosity about how their brains become com- 
plex computational machines. They explain that our 


literature on their chosen topic and outlines a story. “Each 
comic could have a bibliography attached to it,” Godwin 
says. Then Cham boils that outline down to visuals and 
sprinkles in some humor. 

The team hopes that a few laughs will help the con- 
cepts stick in the readers’ brains. The judges felt that it 
worked and found the cartoon to be engaging. Although 
many high-school students probably think brain develop- 
ment “is intimidating or dry, ... the medium of cartoon- 
ing makes it come alive,” says panel of judges member 
Alisa Zapp Machalek. Middle and high school students 
would enjoy it, because “it’s different from what they’d 
find in their textbooks,” says judge Corinne Sandone. 


Honorable Mention 


Regulation of the Cell Cycle and DNA Damage-Induced 
Checkpoint Activation 
Erin Olson, Daphne Orlando, and Tim Manning, R&D Systems Inc. 


Inside a cell’s nucleus, some proteins act like quality-control auditors, ensuring that it’s safe 
for the cell to copy its DNA and divide. This informational graphic from Erin Olson and 
her team at R&D Systems in Minneapolis, Minnesota, sketches how these proteins seck 
‘out DNA damage during checkpoints as the cell moves between the four stages of its cycle. 
In the purple circles, they juxtapose the actions of the checkpoint proteins with the normal 
events inside the cell’s nucleus. Some of these checkpoint proteins detect DNA damage, 
while others sit on the broken site and recruit new proteins to send out the call for DNA- 
repair enzymes to fix the problem. Olson hopes the poster will serve as a quick reference for 
researchers and biology students. 
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Photography 


First-Place Winner 


Save Our Earth, Let's Go Green 
Sung Hoon Kang, Boaz Pokroy, and Joanna Aizenberg, Harvard University 


Noodlelike fibers stretch to latch onto a green sphere. Alone each fiber is powerless, but 
together they grip and support the orb, embodying cooperation at a microscopic scale. This 
electron microscope photograph catches self-assembling polymers in action, but it could 
also represent people’s coop efforts to save Earth, materials scientist Joanna 
Aizenberg of Harvard University. “Each hair represents a person or an organization,” she 
It shows our collaborative effort to hold up the planet and keep it running. 

Aizenberg and her colleagues design self-assembling polymers in hopes of 
energy-efficient materials. They have s 
cooperation. This image shows hairlike fibers of epoxy resin assembling around a poly- 
styrene sphere, which is about 2 micrometers in diameter. When the scientists added a drop 
of water containing these spheres, the ’§ were standing straight up. But when the liquid 
began to evaporate, the fibers wound around the sphere. The hairs aren’t at ed to the 
sphere chemically or magnetically; instead, capillary action glues them to it. (These same 
forces make wet hair clump.) “We're trying to make the process reversible and potentially 
use it in drug release or self-cleaning materials,” Aizenberg She envisions polymer 
fingers that grab dust particles or floating bacteria and then later release them to flush the 
contaminants away. 

The judges enjoyed how the photograph wove together a gorgeous image with an impor- 
tant message. “This image simply sprang forth from the page as the most arresting, aesthetic, 
and provocative image in this category,” says panel of judges member Tierney Thys. 


Microbe vs. Mineral— 
A Life-or-Death Struggle 
in the Desert 


Michael P. Zach, University 
of Wisconsin, Stevens Point 


Although the bursts of rainbow col- 
ors in this photograph are mesmer- 
izing, microbes fight for their lives 
in the background. Chemist Michael 
P. Zach of the University of Wis: 
consin, Stevens Point, snapped this 
image of a salt sample he collected 
in a hot, arid valley near Death Val- 
ley National Park in California, He 
crushed the salt, placed it under 
a microscope slide, and added a 
drop of water. Suddenly a slew of 
microbes came to life as the salt 
crystals dissolved. Then when the 
water started evaporating, he took 
the picture. (The colors come from 
light passing through the growing 
crystals, which act like prisms.) The 
microbes evolved to live in this salty, 
scorching landscape by excreting 
molecules that halt crystal growth, 
which helps them avoid getting 
trapped in the salt. Zach was drawn 
to the photograph because it cap- 
tures “the intrigue ofa life-and-death 
struggle in just one drop of water: 
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Self-Fertilization 


Heiti Paves and Birger llau, 
Tallinn University of 
Technology 


Within its tiny white flowers, 
thale cress (Arabidopsis thali- 
ana) does what most plants 
avoid: It fertilizes itself. Heiti 
Paves of Tallinn University of 
Technology in Estonia took this 
photograph of the flower with 
its pollen grains and ovaries 
stained blue to show the pro- 
cess in action. From the six pol- 
len heads, the grains grow thin 
tubes toward the bean-shaped 
ovaries in the flower's s 


Photography 


Honorable Mentions 


igma to fertilize them. Because of the microscope tech- 


nique used, polarized light turns the normally white flower yellow and the back- 


ground blue. 
its self-fertilization mak 
fertilizer, the pea, to build k 


ientists have used A. thaliana in many genetic studies be 
Ss experiments c 
s genetic theories, Paves notes. 


use 
. Gregor Mendel used a self- 


ari 
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Flower Power 


Russell Taylor, Briana 
K. Whitaker, and Briana 

L. Carstens, University of 
North Carolina, Chapel Hill 


Accidents can sometimes be beau- 
tiful. Briana Whitaker and Briana 
Carstens of the University of North 
Carolina, Chapel Hill, snapped this 
photograph as a quality-control step 
in their experiments to study the 
forces that cells, such as those that 
stitch together skin wounds, exert. 
They visualize these forces by watch- 
ing how forests of 10-micrometer-tall 
polymer pillars bend when they place 
the cells on top of them, Ideally, the 
pillars should stand straight up, but 
on this occasion most of the pillars 
had fallen over. Amazingly, though, 
they'd all collapsed into a flower- 
petal-like pattern. “If you zoom out, 
you ca 
these pill 


collapsed in the same 
pattern,” ‘ays. Usually the 
rods twist ach other and 
form an unappealing mess. So when 
the w this repeating pat- 
tern, they decided to color them in 
pastels and create this paisley photo. 


see a whole field of view of 


955 


The Cure for 
Poor Resolution 


| 
Improve the health of your HRM experiments 
=> applied 


www.appliedbiosystems.com/hrm 
@ biosystems 


Science 


~ ao 
A «* 


www.sciencedigital.org/subscribe 


For just USSg9, you can join AAAS TODAY and 
start receiving Science Digital Edition immediately! 


Science 


~ ao 
A «* 


www.sciencedigital.org/subscribe 


For just USSg9, you can join AAAS TODAY and 
start receiving Science Digital Edition immediately! 


(CREDIT ISTOCKPHOTO.COM 


LETTERS | BOOKS | POLICY FORUM | 


LETTERS 


EDUCATION FORUM | 


PERSPECTIVES 


edited by Jennifer Sills 


Sustainable Foresting: Easier Said Than Done 


IT Is COMMONLY HELD THAT PLANTING FORESTS HELPS TO MITIGATE CLIMATE CHANGE, 
because forests sequester carbon dioxide into long-lived biomass and soils (/). However, 
our personal experience shows that managed forests are unlikely to increase the land carbon 
sink unless foresters are paid a fair price for the ecosystem services they provide. 

Six years ago, we bought 200 ha of mountain spruce forest and 35 ha of deciduous forest 
from the German government, under the condition that we would use the forest to grow and sell 
wood in a sustainable manner and that we would employ local labor. The spruce forest w 
monoculture; the deciduous forest contained a rich flora of about 15 tree species. 

The first obstacle we ran into was deer. To convert the spruce forest from a monoculture to 
a mixed forest, we supported the early successional rowan trees, but the deer ate the rowan tree 
bark. The resulting wood rot caused the trees to break. At that point, we had to 
choose between returning to a less environmentally friendly spruce monocul- 
ture or upsetting the public by clearing, replanting, and fencing in our mixed 
forest to keep out the deer. Fencing is unpopular with the German public, who 
are entitled to use private forest for recreation. 

Clearing requires permission by German forest law; permits are granted 
after wind or pest damage We opted for clearcutting in a few cases, but found 
that the more environmentally friendly approach of doing so prevented recov- 
ery of the forest. Leaving slash on site was well received by nature conserva- 
tionists because of the habitats provided by the dead wood, but the spruce slash 
stimulated nitrification, and tall thickets of nettle prevented tree regeneration. 
When slash was removed and sold to a power station, the cost of collecting the 
i he income received. Our action also upset the nature con- 
, the forest did regenerate. 

An attempt to return to a more natural vegetation at a mountain s Iso met with a mixed 
response from conservationists. When wind damage forced us to clearcut an old spruce stand, we 
planted a mix of beech, sycamore, and fir, Landscape conservationists (who want to preserve the 
original spruce) complained that we had changed the appearance of the mountain, whereas nature 
ationists applauded the fact that the new habitat supports rare insects, bi . Yet, 
sycamore and fir are susceptible to deer browsing and must be fenced for about 50 years. Given 
the carbon cost of fencing and the soil carbon loss after clearing, the climate mitigation potential 
of thi rcut will likely be negative over the next 60 years (/). 

We also found that selling our wood was not as easy as we had envisioned. A 150-year beech 
could not pass through the saw mill and was not perfect for veneers; it went as cheap firewood. 
The price for spruce peaks at a breast-height diameter of 20 to 25 cm (typical of a 60-year-old 
tree) because modern construction beams are glued compound woods, not solid cuts from big 
trees. The forest carbon pool will fall in response to this demand for small trees. Such trees can 
be logged selectively with modern harvesting machines, but the machines require a 4-m-wide 
skidder trail every 20 m; the resulting 20% loss of forested land diminishes the capacity of the 
forest to absorb carbon, 

Furthermore, maintaining biodiversity turns out to be a commercially risky management 
strategy. Industry demands uniform pieces of wood of the same species, mainly beech or 
spruce. The only way to maintain our 15-species mix is to sell to the niche market for high- 
quality stems of rare woods. 
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¢ observations show that in Germany, 
and likely elsewhere, there is little incentive to 
manage land in a climate-friendly manner. 
Only when ecosystem services such as miti- 
gating climate, biodiversity, and recreation 
create income will they be able to compete 
with the market for wood as timber, pulp, or 
an energy source. 

E. DETLEF SCHULZE* AND INGE SCHULZE 
Max Planck Institute for Biogeochemistry, Jena, Germany. 


“To whom correspondence should be addressed. E-mail: 
dschulze@bgc-jena.mpg.de 
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Responsible Researchers 
Required 


THE NEWS OF THE WEEK STORY “A DARK TALE 
behind two retractions” (R. F. Service, 18 
December 2009, p. 1610) omitted important 
ing the training of young scien- 
tdocs involved in this 
ned excellent experi- 

iques, but did any 
of them have training in responsible conduct 
of research? And if so, how did that training 
influence their actions? When co-workers 
present re: we trust them to be 
open, honest, and forthright. The high stakes 
of losing two papers in top-tier journals for all 
involved, including a pretenure faculty mem- 
ber whose tenure decision may have been 
affected by the retractions, remind us that we 
should pursue science for the sake of discov- 
ery and self-actualization rather than le 
savory goals such as power, financial gain, 
and prestige. 

Disappointingly, the News story did not 
discuss subsequent action that could preclude 
this type of situation from arising again. 
Challenging results that cannot be reproduced 
requires substantial courage. At what point do 
we draw the line between results that “have 


19 FEBRUARY 2010 


957 


LETTERS 


not yet been reproduced” and those that “can- 
not be reproduced”? Without guidance about 
responsible conduct of research, students lack 
the tools and experience to question protocols 
or recognize potentially risky situations. Both 
the National Institutes of Health (/) and the 
National Science Foundation (2) have written 
new guidelines for required training in re- 


sponsible conduct of research, These changes 
suggest that the scientific community now 
acknowledges that training young scientists 
means more than teaching them how to design 
and perform experiments and interpret data. 


We hope that high-profile laboratories, such 
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will endorse the concept that real-time, face- 
to-face, responsible-conduct training by qual- 
ified professionals is not only desirable but 
necessary to help avert horror stories like this 
in the future. 

NANCY E. LEVINGER* AND ELLEN R. FISHER 


Department of Chemistry, Colorado State University, Fort 
Collins, CO 80523-1872, USA. 


*To whom correspondence should be addressed. E-mail: 
levinger@lamar.colostate.edu 
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Oil and Water Do Mix 


IN THE 20 NOVEMBER 2009 SECTION OF 
This Week in Science (p. 1040), the piece 
“Methane’s path to captivity” invoked a wide- 
spread scientific misconception: the idea that 
oil and water repel each other. In fact, water 
molecules and hydrophobic substances 

including oil—attract one another, although 
only weakly. The false belief in repulsion traces 


2 


F : 
\ 
5 
- . <—, 
les 


to the original use of the misleading descriptive 
term “hydrophobic.” In this case, the summary 
refers to a Report by M. R. Walsh ef al. (/), 
but nowhere does this Report assert that 
hydrophobic substances repel or are repelled 
by water. A valid exposition of the interac: 
tion of water with hydrophobic substance: 
can be found in an article in Nature by 
D. Chandler (2). Chandler states that “the 
term hydrophobic (water-fearing) is com- 
monly used to describe substances that, like 
oil, do not mix with water, Although it may 
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look as if water repels oil, in reality the sep- 
aration of oil and water in ambient condi- 
tions is not due to repulsion....but to particu- 
larly favorable hydrogen bonding between 
water molecules.” Also widely in current use 
is the term “superhydrophobic,” referring 
to surfaces that often are described, erro- 
neously, as repelling water. A paper by 
L, Zhai et al. (3) deals with this topic, The 
authors explain, “Water repellant in the con- 
text of our work simply means that water 
droplets placed on the surface will roll off 
freely at a small angle. This is how we and 
many others define the superhydrophobic 
state (contact angle greater than 150° cou- 
pled with a small rolling angle).” Not sur- 
prisingly, the forces involved—cohesion, 
adhesion, and gravity—are all attractive. 

J. LEE KAVANAU 
Department of Ecology and Evolutionary Biology, University 


of California, Los Angeles, CA 90095-1606, USA.E-mail: 
(kavanau@biology.ucla.edu 
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CORRECTIONS AND CLARIFICATIONS 


News Focus: “The little wasp that could,” by E. Pennisi (15 January, p. 260). The caption, “Eaten Alive,” should read; Larvae 
of Euplectrus walteri (inset) ingest blood from a caterpillar. They develop attached to the outside of the caterpillars body. 


Perspectives: "Explaining Bird Migration” by O. Gilg and N. G. Yoccoz (15 January, p. 276). The second affiliation for 
Olivier Gilg should have been as follows: Lab Biogeosciences, UMR CNRS 5561, Eq Eco Evo, Université de Bourgogne, 
21000 Dijon, France. 


This week in Science: “Targeting DNA gyrase" (4 December 2009, p. 1317). In the fifth line, “DNA gyrase GTPase activity” 
should have read “DNA gyrase ATPase activity.” 


Reports: “Broad and potent neutralizing antibodies from an African donor reveal a new HIV-1 vaccine target” by L. M. 
Walker et al. (9 October 2009, p. 289). Sequence information for the variable domains of the neutralizing antibodies was 
not provided at the time of publication; GenBank accession numbers are GU272043 to GU272052. Patents have been filed 
related to the work on the method of isolation of the broadly HIV-neutralizing human antibodies, the neutralization profile 
for multiple clades and strains of HIV viruses that demonstrates the breadth and potency of activity, and the epitope on V2 
and V3 loops that PG9 and PG16 recognize (U.S. provisional patent application numbers USSN 61/161,010; USSN 
61/165,829; and USSN 61/224,739, respectively), 


Reports: “Activation of the cellular DNA damage response in the absence of DNA lesions” by E, Soutoglou and T. 
Misteli (13 June 2008, p. 1507). The horizontal panels in rows 1 and 6 of Fig. 1A were inadvertently duplicated dur- 
ing figure production. The correct row 6 panel is reproduced here. The conclusion that tethering of LacR-Chk1 does 
not lead to accumulation of y-H2AX at the tethering site is not affected and is supported by the quantitation shown 
in the original Fig. 1B. 
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TECHNOLOGY 


Under Microscope and Macroscope 


Michael N. Alexander 


Ithough we are all familiar with 

“technology,” how many of us would 

try to define it and describe the 
principles that govern its workings? In The 
Nature of Technology, W. Brian Arthur does 
that and more: Besides offering a coherent 
depiction of tech- 
nology’s underlying 
attributes and inner 
structure, he seeks 
to demonstrate that 
its historical devel- 
opment is a form 
of (non-Darwinian) 
evolution, describe 
howengineeringand 
invention function, 
and elucidate the 
ways by which tech- 
nology prompts change in economic struc- 
tures. His account is almost always enlighten- 
ing, stimulating, and thought-provoking. 

Arthur (an economist, complexity theo- 
rist, and mathematician at the Santa Fe Insti- 
tute and Palo Alto Research Center) provides 
a highly structured analysis that proceeds 
from three “fundamental principles.” First, 
all technologies are combinations. This may 
seem self-evident to readers of Science, espe- 
cially those who employ instruments in their 
own work, Spectrometers, for example, are 
composed of parts that are technology prod- 
ucts (lenses, mirrors, gratings, actuators, 
etc.). But on reflection, one realizes that the 
parts are themselves miniature technologies; 
so are their subparts, sub-subparts, and so on 
(Arthur’s second principle). Moreover, cach 
“technology is a phenomenon captured and 
put to use” (his third principle). 

It follows that technologies have hierar- 
chical structures and that “[t]echnologies at a 
higher level direct or ‘program’ (as in a com- 
puter program) technologies at lower levels” 
to fulfill human purposes. Their interacting 
constituents, especially in complex, com- 
posite technologies like jet engines, can even 
have properties akin to metabolism. A naval 
aircraft carrier group becomes, via this rea- 
soning, a technology composed of ships and 
their multiple levels of constituent technolo- 
gics. This is a novel and powerful perspective, 


Nature of Technology 


Press, New York, 2009. 
255 pp. $27, C$34.99. 
ISBN 9781416544050. 
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for we rarely if ever regard organizational 
arrangements as technologies. 

However, the perspective can also be prob- 
lematic. Where is the dividing line between 
technology and not-technology? Arthur's 
logic leads to the conclusion that a symphony 
by Gustav Mahler is a technology 
tic one whose constituent parts are string, 
woodwind, brass, etc., technologi: rthur 
finds this discomfiting, yet he accepts sym- 
phonies as technologies. Extending hi 
of reasoning, one could regard 
painters (da Vinci, Monet, Pic: 
et al.) as visual technologists. 
Doing so creates intriguing links 
among technology, science, and 
fine arts [compare (/)] 

Suppose, further, that one 
relaxes the stipulation that a tech- 
nology’s base phenomenon is 
physical. Arthur argues plausi- 
bly that legal codes, institutions, 
and organizations should then be 
regarded as akin to technologies. 
But placing them in the same cat- 
egory as laser printers or even 
naval flotillas would unduly strain the con- 
cept of technology. Therefore, Arthur assigns 
these social technologies to a new category, 
‘purposed s) * Making a distinction 
between technologies and purposed systems 
may seem like medieval scholasticism, but in 
fact it is astute. This distinction opens the way 
to an original and penetrating description, 
toward the end of the book, of how structural 
changes in the economy are generated by the 
interactions of technology (as a collective 
enterprise) with purposed systems. 


an acous- 


s line 


Arthur's portrayal of technologi: 


$ com- 
posed of subtechnologies, the book’s logical 


foundation, also constitutes a template for his 


depictions of the heart of the technological 
enterpri: invention and innovation (which 
Arthur treats as synonymous). He begins by 
analyzing the easiest form of innovation to 
comprehend, “standard engineering,” which 
solves problems by combining well-accepted, 
usually well-known, technologies. The new 
technologies created through these combina- 
tions may be important and complex (jet air- 
craft and bridges, for example) even though 
the underlying inventive principles may not 
be novel. The resultant knowledge diffuses 
through engineering professions, adding to 
the corpus of “building blocks that can be 


[combined to create] further technologies.” 
Ina similar vein, Arthur argues that radi- 
cally novel innovations also result from prob- 
lem-solving and combination—but that novel 
innovations combine principles, concepts, or 
functionalities, not only existing technolo- 
gies. E. O. Lawrence, for example, invented 
the cyclotron by combining the physics of 
charged particles in a magnetic field with 
acceleration of the particles by a radio fre- 
quency electric field. “The principle [of the 
cyclotron] was constructed from existing 
pieces—existing functionalities.” Arthur 
holds that “[a]t the creative heart of inven- 
tion lies appropriation, some sort of mental 
borrowing that comes in the form of a half- 
suggestion.” Furthermore, “What 


conscious 


is common to originators [i.e., inventors] is 
... the possession of a very large quiver of 
functionalities and principles. Originators are 
steeped in the practice and theory of the prin- 
ciples or phenomena they will use.” 

These are important, potent insights. But 
Arthur pushes them so hard that he almost 
devalues the usual concept of novelty. He 
claims, for example, that the perception of 
novelty arises because connections among 
the most important principles underlying an 
invention are initially apparent only to the 
originators. He repeatedly attributes inven- 
tion to “human agency,” and employs growth 
ofa coral reef as a metaphor for the way tech- 


nology grows through accretion of know-how 
and concepts. To demonstrate how technol- 
ogy can grow by “combinatorial evolution,” 
he describes a computer experiment in which 
elementary electronic logic circuits com- 
bined randomly to create circuits that became 
more and more complex. He avers, “I do not 
believe there is any such thing as genius” 
but he does believe ina large quiver. 

A large, full quiver is irrelevant unless 
the archer espies targets and aims accu- 
rately, Just as archers rarely score bull’s-eyes 
by shooting in random directions, radically 
novel inventions rarely result from ran- 
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dom sampling. Could it be that individual 
and group human agency improve conver- 
gence to successful solutions, thereby mak- 
ing inventive processes and the evolution of 
technology more efficient? 

One does not have to be a romantic to 
agree with mathematician Mark Kae that 
Richard Feynman was a “magician,” rather 
than an “‘ordinary’ genius” (2). And even 
though I understand the principles and ori- 
gins of, for example, the quantum cascade 
laser (3), I cannot expunge the belief that it is 
an awesomely brilliant creation. 

Such observations, however, scarcely 
detract from Arthur’s achievement. System- 
atic, multifaceted, enlightening, and stimulat- 
ing, The Nature of Technology is enhanced by 
a remarkable diversity of historical examples. 
Although a relatively brief account, this review 
could only partially distill its richness, The book 
invites comparisons with work by Thomas 
Kuhn (4) and Joseph Schumpeter (5, 6). Econ- 
omists, social scientists, engineers, and scien- 
tists all may come to regard it as a landmark. 


References and Notes 

1, J. Bronowski, Science and Human Values (Harper and 
Row, New York, ed. 2, 1965). 

2. M. Kae, Enigmas of Chance: An Autobiogrophy (Harper 

and Row, New York, 1985). 

J. Faist et a, Science 264, 553 (1994). 

1.5. Kuhn, The Structure of Scientific Revolutions (Univ. 

Chicago Press, Chicago, 1962). 

5. ].A. Schumpeter, Theorie der wirtschaftlichen 
entwicklung (Dunker and Humblot, Leipzig, 1912). 

6. }.A. Schumpeter, Capitalism, Socialism, and Democracy 
(Harper, New York, 1942). 


10,1126/science.1187156 


EXHIBITIONS: MEDICINE AND ART 


The Human Body as 
a Meeting Point 


erched 53 stories above the streets of 
Prsosn Tokyo, atop the Roppongi 
Hills skyscraper, the Mori Art Museum 
offers spectacular views of the surrounding 
city. Through the end of the month, visitors 
will also find an unusual exhibition, Medi- 
cine and Art: Imagining a Future for Life 
and Love. Organized in collaboration with 
Britain’s Wellcome Trust and the Japanese 
newspaper Yomiuri Shimbun, the show brings 
together 150 medical and art objects from 
the Wellcome Collection, three anatomical 
sketches by Leonardo da Vinci from the Brit- 
ish Royal Collection, and about 30 works of 
contemporary art. 
The exhibit is divided into three sec- 


Jan Fabre’s /k men mijn eigen brein I! [! Drive My 
Own Brain IN) (2008). 


tions. The first, “Discovering the Inner 
World of the Body,” explores our fascina- 
tion with the human body and its innards. As 
Nanjo Fumio, the museum’s director, notes, 
“The body can be seen as the meeting point 
between medicine and art and as the point of 
departure for journeys into these two differ- 
ent worlds.” The section presents anatomi- 
cal models and diagrams; traditional Japa- 
nese art by Maruyama 
Okyo and Kawanabe Kyo- 
sai; and contemporary 
works by Andy Warhol, 
Magnas Wallin, and Bai 
Yilao. It also includes 
beautifully delicate and 
detailed drawings of cra- me Tr 
nium, liver, and cerebral i 
ventricles by Leonardo da 
Vinci. The section “Fight- 
ing Against Death and 
Disease” displays many 
devices constructed to 
fight the effects of dis- 
ease along with a variety 
of classical and modern 
works of memento mori, 
which convey the warn- 
ing that we are all mortal. (Contemporary 
artists here include Damien Hirst, Mare 
Quinn, and Yanagi Miwa.) The third section, 
dauntingly named “Towards Eternal Life 
and Love.” looks at the effects of aging and 
recent advances in genetics, biotechnology. 
and neuroscience. 

The works presented within the sections 
are not arranged historically but in ways 
that are clearly meant to generate thought- 
provoking juxtapositions. As a result, a 
19th-century model of a skull used for phre- 
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nology is placed across from a brainwave- 
powered wheelchair, and anatomical sketches 
from a variety of cultures and historical peri- 
ods turn up at odd moments. There was a warn- 
ing in front of one small room that it contained 
“graphic and anatomic drawings and figures 
that some visitors might find disturbing,” but 
that was not the case for me. Instead, what left 
me most emotionally moved was a room domi- 
nated by five pairs of several-feet-wide photo- 
graphs by Walter Schels that depicted people 
before and just after they died. There was also 
a work by Alvin Zafra that seems to be a long 
splotch of white streaked on wooden panels but 
which is actually the remains of a human skull 
that was scraped and rubbed onto the wood for 
14 days. These and other displays effectively 
depict the fragility and power of life and death. 
There is humor as well, as in a wedding 
dress that was made from 6500 oral con- 
traceptive packets and in the depictions of 
aging superheroes. And there are surprises— 
for example, Lee Byung Ho's Janitas Bust, 
a seemingly standard sculpture of a young 
woman's head, is actually made of silicon and, 
through the use of compressed air, ages before 
your eyes. Having grown up with the see- 
through “Visible Man,” I found it interesting 
to encounter something similar in a miniature 
17th- or 18th-century model, made of ivory. 
T was also struck by 
Magnus Wallin’s Exer- 
cise Parade, a walk-in 
video installation that 
places the observer in the 
entry ofa hallway where 
a leapfrogging figure 
and a skeleton dodge an 
enormous pinball. 
There are too many 
noteworthy pieces to 
mention them all. 
Because so many of 
these evoke personal 
reactions, visitors will 
probably not always 
agree with interpreta- 
tions that accompany 
the works—these some- 
times stretch points. The Wellcome Collection 
(www.wellcomecollection.org/), begun in the 
1890s by pharmaceutical entrepreneur 
Henry Wellcome, prides itself on being more 
than a collection of “things” (extraordinary 
preservations of history that they are). It also 
amasses ideas as a way to make new links 
between disciplines and cultures, That goal 
has been accomplished quite successfully in 
this exhibition. —Barbara R. Jasny 
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RESEARCH ETHICS 


NIH Guidelines for Stem Cell 
Research and Gamete Donors 


Bernard Lo,'?* Lindsay Parham,' Marcelle Cedars,‘ Susan Fisher,** Elena Gates,“ 
Linda Giudice,** Dina Gould Halme,’ William Hershon,’ Arnold Kriegstein,** Radhika Rao,’ 


Clifford Roberts,"° Richard Wagner" 


ecent National Institutes of Health 
Rasto guidelines regarding human 

embryonic stem cell (hESC) lines 
created from embryos remaining after infer- 
tility treatment (/) are expected to increase 
substantially the number of hESC lines eli- 
gible for U.S. federal funding. Although the 
guidelines require informed consent from 
embryo donors for derivation of hESC lines, 
such consent is not required from third-party 
donors (not an intended parent) whose gam- 
etes were used to create the embryos. This is in 
contrast to many state, national, and interna- 
tional recommendations (2-8). We argue that 
dispositional authorization after disclosure 
regarding hESC research should be obtained 
from third-party gamete donors, but that the 
requirements may be more flexible and less 
complex than for informed consent. 


Need for Gamete Donor Authorization 

Gamete donors for in vitro fertilization 
(IVF) programs sign a form giving the IVF 
patient legal authority to determine the 
position of embryos created with their gam- 
etes after infertility treatment has been com- 
pleted. The unrestricted legal power of such 
blanket dispositional authorization includes 
options that were not specifically mentioned 
to the donor, However, such legal authority 
may be ethically problematic if the gamete 
donor was not told—and therefore may not 
appreciate—-what options the IVF patient 
might choose, including hESC research, 
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Some donors may object to 
research using embryos made 
from their gametes (9). One 
reason underlying such objec- 
tions may be that some donors 
may regard gametes as having 
special status compared with 
somatic cells because of their 
reproductive potential, with 
reproduction being a highly 
personal and private matter. 
However, gametes are not typ- 
ically granted the same special 
status as embryos, which may 
be perceived to have the moral 
status of persons (/0). Using 
embryos for research with- 
out permission of third-party oocyte donors 
could fail to respect donors as persons (//), 
breaching a fundamental principle of bio- 
ethics (/2). 

We analyze below two other models for 
gamete donors to allow IVF patients to make 
decisions about embryos remaining after 
completion of infertility treatment. 


Informed Consent 
Informed consent is an “opt-in” process; 
individuals are not required to participate as 
patients or research participants and agree to 
only those procedures specified in the con- 
sent form. For instance, oocyte donors give 
informed consent to the clinical procedures 
of ovarian stimulation and oocyte retrieval 
(13). However, detailed consent forms are 
not required for many important, very private 
decisions currently made by third-party gam- 
ete donors during dispositional authorization 
(e.g., forgoing parental rights to children con- 
ceived with their gametes and allowing the 
IVF patient to donate embryos to another 
infertility patient). It would be unfair to 
require gamete donors to follow stricter stan- 
dards to authorize the donation of embryos to 
hESC research than to authorize these other 
major decisions. 
Therearealsopragmaticbarrierstorequir- 
ing informed consent from gamete donors 
for hESC research. Stem cell researchers 
typically get involved with embryo dona- 
tion only afier an IVF patient inquires about 


Rather than informed consent, dispositional 
authorization may be the preferred strategy 
in obtaining gamete donations for embryonic 
stem cell research. 


it; they do not interact with gamete donors 
or write forms for granting dispositional 
authority. Considerable efforts by IVF clini- 
cians to obtain consent from oocyte donors 
for potential future research may raise con- 
cerns about conflicts of interest (/4) and 
could compromise the informed consent 
process for the complex medical procedures 
of ovarian stimulation and oocyte retrieval 
(/5). Recontacting gamete donors after the 
IVF patient has completed infertility treat- 
ment to seek consent for embryo research 
may be viewed as an invasion of privacy and 
also may not be feasible. 


A Modified Approach 

We conclude that informed consent from 
third-party gamete donors should not be 
required for hESC research, Instead, we rec- 
ommend a model of dispositional authoriza- 
tion after options for embryo disposition have 
been disclosed, including hESC research, 
discarding embryos, and donation to another 
IVF patient. Informing gamete donors of 
options respects the donors by making the 
decision to grant disposition rights to the IVF 
patient more informed. Most gamete donors 
grant blanket dispositional authority to the 
IVF patient. Some gamete donors may not be 
willing to accept some dispositional options, 
suchas hESC research. An IVF patient should 
consider such preferences at the beginning of 
infertility treatment when selecting a gam- 
ete donor. However, IVF patients are free to 
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choose another donor who will grant unre- 
stricted dispositional authority; thus, the 
gamete donor cannot control the dispositional 
decisions of the IVF patient. 

At present, disclosure of dispositional 
options to gamete donors may be carried 
out as a clinical best practice and is recom- 
mended by many legal advisors to IVF prac- 
tices, although it is not required. For frozen 
embryos created years ago, disclosure is even 
more variable. 

The standards for disclosing information 
about hESC research should be comparable 
to disclosure of information about other dis- 
positional options. It would be desirable to 
inform gamete donors about features of dis- 
position options that may be pertinent to deci- 
sions about disposition but may not be com- 
mon knowledge (/6) [e.g., the possibility of 
patents on hESC discoveries and what provi- 
sions, if any, will be in place for sharing roy- 
alties (/7)]. Donors should have the oppor- 
tunity to ask questions or obtain additional 
information about disposition options. 

But information given to gamete donors 
about hESC research need not include all the 
basic elements required in consent forms for 
human subjects research (/3). For example, 
it would be misleading to say that refusal to 
participate in research will involve no loss 
of benefits; a prospective gamete donor who 
is unwilling to grant blanket dispositional 
authorization may not be selected as a donor 
and would then not receive compensation. 

In this context, the ethical rationale— 
respect for gamete donors and their prefer- 
ences—may be satisfied by more flexible 
procedures and documentation than those 
for informed consent for research. Disclos- 
ing the option of hESC research, along with 
other available options for embryo disposi- 
tion, might be done in several ways. Doc- 
umentation would be unambiguous if the 
form granting legal dispositional authority 
listed hESC research as an option. Alter- 
natively, dispositional options, including 
hESC research, could be described in a sep- 
arate document, and the form granting di: 
positional authority need not explicitly men- 
tion hESC research, provided that the [VF 
practice, oocyte donor agency, or sperm 
bank documents or attests that they provided 
information about disposition options and 
that research was given as an option. 


Recommended Policy Changes 

NIH guidelines should be revised. For hESC 
lines derived from embryos created after the 
date of the revised guidelines, dispositional 
authorization after disclosure from third- 
party gamete donors should be required. 
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This may be documented by evidence that 
the donor (i) was told hESC research was an 
option for the disposition of frozen embryos 
remaining after the IVF patient had com- 
pleted treatment, and (ii) then granted the 
IVF patient dispositional authority over 
embryos created with the donor’s gametes. 
Gamete donors still must provide informed 
consent for medical procedures. 

Exceptions to dispositional authorization 
after disclosure may be justified on a case- 
by-case basis (for example, as determined 
by NIH). hESC lines already in existence at 
the time revised guidelines are issued may 
be used (/8) if the following three criteria 
are met: (i) the gamete donor granted dis- 
positional authority to the IVF patient, even 
without documentation that the gamete donor 
was told research was an option, (ii) there 
are strong scientific reasons to use them, and 
(iii) other legal requirements are met (/9). 
For example, the particular hESC line may 
be the only line that has been derived under 
good manufacturing process standards or that 
matches a specific phenotype (20). 

A more thorough consent process for 
embryo donors is warranted than for third- 
party gamete donors, given the special moral 
status ascribed to embryos (10). IVF patients 
donating embryos for hESC derivation should 
still give informed consent, consistent with new 
NIH guidelines (/) and other policies (2/). 

For stem cell science to continue to prog- 
ress, it would be highly desirable to have con- 
sistency among standards and regulations (/— 
8). If such harmonization is achieved, many 
IRBs and oversight bodies will likely allow 
NIH-eligible hESC lines to be used for any 
otherwise acceptable hESC research. 
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CELL BIOLOGY 


Rise of the Rival 


Amanda Norvell’ and Steven B. McMahon* 


ike protein phosphorylation, 

the posttranslational addition 
Lis groups to lysine r 
dues of eukaryotic and prokaryot 
proteins has been known for decades 
(/). The discovery that eukaryotic 
enzymes implicated in transcriptional 
regulation can acetylate or deacetylate 
lysines in chromatin-associated pro- 
teins (histones) raised the possibility 
that dynamic changes in lysine acety- 
lation might provide an important 
regulatory switch in complex cellular 
proce: (2, 3). A decade ago, Kou- 
zarides made the bold prediction that 
acetylation might “rival phosphoryla- 
tion” as a regulator of cell function (4). 
With proteomics, thousands of mam- 
malian proteins with acetylated lysines 
have indeed been identified (5, 6), and 
one of the surprising findings has 
been that, along with chromatin pro- 
teins, metabolic enzymes are highly 
represented among acetylation sub- 
strates. This suggested that changes 
in acetylation status might alter enzy- 
matic activity to allow the cell to respond to 
changes in metabolic demands by adjusting 
flux through critical nodes in the relevant 
pathways. Reports by Zhao ef al. and Wang 
et al. on pages 1000 and 1004 of this issue, 
respectively, now validate this hypothesis in 
the prokaryote Salmonella enterica and in 
human liver cells (7, 8). 

These two studies report a number of fun- 
damental similarities betwen bacteria and 
humans, The first is the sheer pervasiveness 
of lysine acetylation on metabolic enzymes. 
Zhao et al. found that 90% of the S. enterica 
proteins involved in central metabolism are 
acetylated, and Wang ef al. likewise found 
acetylation of essentially every enzyme 
involved in glycolysis, fatty acid and glyco- 
gen metabolism, and the tricarboxylic acid 
(TCA) and urea cycles (see the figure). Both 
groups also found that changing the carbon 
source available to either the prokaryotic or 
eukaryotic cells altered the total profile of 
acetylated metabolic enzymes. 

Zhao et al. and Wang et al. conducted 
elegant biochemical studies on a handful 
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Ubiquitous and 


metabolic proce 


TCA cycle 


Urea cycle 


Fatty a 


of enzymes from S. enterica and humans 
and showed that acetylation has multiple 
effects, increasing the activity of some met- 
abolic enzymes while inhibiting the activity 
of others. Furthermore, the effects of acety- 
lation appear to be coordinated to simulta- 
neously shunt metabolic flux down specific 
pathways and away from others. Remark: 
,, this flux can be reversed by changes in 
te or carbon source availabil- 
ity. However, not all aspects of this process 
are conserved. In S. enterica, the changes 
in metabolic enzyme acetylation result in 
part from changes in the relative expre: 
sion of the major acetylase and deacetylase, 
a feature that has not been widely observed 
for eukaryotic counterparts. Indeed, only a 
few cases exist in which we understand the 
mechanisms regulating mammalian acety- 
lases and deacetylases (9). When Zhao ef 
al. compared proteins acetylated in human 
liver cells to those identified in earlier stud- 
ies, they found 70% overlap with the acety- 
lated proteins identified in mouse liver but 
only 14% overlap with the acetylated pro- 
teins found in a human leukemia cell line, 
which suggests that acetylation patterns 
vary widely between cell lineages. 

In protein phosphorylation, adenos- 


conserved in metabolism. In bacteria and human 
cells, dynamic acetylation of nearly all metabolic enzymes regulates 
their activities to modulate flux through specific metabolic pathways. 


Widespread acetylation of metabolic enzymes 
suggests a modification that is as important 
as protein phosphorylation in controlling 

cell function. 


ine triphosphate (ATP) serves as 
the major phosphoryl group donor. 
Lysine acetylation relies on acetyl 
coenzyme A (CoA) as the acetyl 
group donor. Like ATP, acetyl-CoA 
lies at the core of a number of critical 
cellular pathways, and its intracellu- 
lar concentration is therefore a poten- 
tial readout of the processes involved. 
Changes in the availability of acetyl- 
CoA could directly affect the acety- 
lation status of critical substrates, as 
observed for the core histone proteins 
H2A, H2B, H3, and H4 (/0). Thus, a 
model emerges in which changes in 
cellular pools of acetyl-CoA, which 
fluctuate in response to a myriad of 
metabolic pathways, could provide 
the rheostat by which the acetylation 
status, and hence the activity, of met- 
abolic enzymes can be modulated. 

Understanding the control of lysine 
acetylation, as well as the effect of 
altered protein acetylation on specific 
cellular pathways, has clear implica- 
tions for human disease. (Verinostat, a 
deacetylase inhibitor, received approval by the 
US. Food and Drug Administration in 2006 as 
a treatment for cutaneous T cell lymphoma.) 
Given the renewed appreciation of cancer as 
a partly metabolic disease (//), the studies 
by Zhao et al. and Wang ef al. raise the ques- 
tion of how much the success of deacetylase 
inhibitors depends on their ability to change 
transcriptional profiles versus reprogram- 
ming cancer cell metabolism. Beyond can 
as we learn more about the role of acetylation 
in regulating flux through metabolic pathways, 
drugs that modulate acetylation might be of 
benefit to patients with specific metabolic dis- 
orders, And as the proteomic data on protein 
acetylation are mined further, and the meth- 
odology is refined, we should come to under- 
stand whether there are cellular processes: 
beyond those linked to chromatin or metabo- 
lism—where dynamic lysine acetylation plays 
a global regulatory role. 

The importance of phosphorylation is 
broadly accepted, but the importance of path- 
ways related to dynamic protein acetyla- 
tion has received little recognition since the 
1964 Nobel Prize in Physiology or Medicine 
to Konrad Bloch and Feodor Lynen for their 
discoveries linking acetyl-CoA to fatty acid 
metabolism. Although dynamic protein phos- 
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phorylation unquestionably provides a major 
regulatory switch in cells, it is now clear from 
studies like those of Zhao et al. and Wang et al. 
that lysine acetylation is an equally important 
and evolutionarily conserved control mecha- 
nism (7, 8). Phosphorylation appears indeed 
to have found its “rival” in lysine acetylation. 
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CHEMISTRY 


Cooperativity Tames 
Reactive Catalysts 


Peter R. Schreiner 


hen chemists use more than one 
catalyst to speed up a chemical 
reaction, it is almost always the 


case that overall increase in reaction rate is 
greater than that for either catalyst alone. For 
example, for acid-catalyzed reactions, com- 
binations of “designer acids” —combinations 
of organic and inorganic molecules bearing 
acidic groups—can result in higher reactiv- 
ity, selectivity, and versatility than the use of 
individual catalysts (/). However, there can 
be advantages to adding a second catalyst that 
actually slows down the rate of an already cat- 
alyzed reaction, especially if the goal is sup- 
pressing unwanted side reactions. This strat- 
egy is similarto that used by a coach ofa relay 
team, who may pair a slower but sure-handed 
runner with a faster but less agile one. Speed 
is sacrificed to avoid losing by dropping the 
baton. On page 986 of this issue, Xu ef al. 
(2) report the use of two catalysts that cooper- 
ate to control stereochemistry, that is, to pick 
between different spatial arrangements of the 
same product. The ini catalyst is fast but 
produces an unwanted mixture of stereoiso- 
mers; adding the second catalyst suppresses 
one of these pathways and selects for the 
desired product. 

These cooperative effects were demon- 
strated with organocatalysts, which are small 
organic molecules used in a wide variety of 
chemical transformations (3). The challenge 
in creating cooperative catalysts lies in con- 
trolling the competition of the two catalysts 
for the reactants as well as their mutual inter- 
action, In this case, hydrogen-bond donors 
(4), such as urea and thiourea derivatives 
(5-7), were used that should hydrogen-bond 
their NH groups to basic atoms or groups in 
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one of the reactants, which is similar to the 
way a weak Lewis acid would interact (8). 
Xueral. envisioned that the ability for urea 
and thiourea catalysts to recognize anions (9 
11) could be exploited as well to coordinate to 
another catalyst that is a strong Bronsted acid 
(/2). In this case, the anion is the counterion 
of the Bronsted acid, which formsa salt bridge 
(73) to the protonated amine group of the 
urea catalyst. A second functionality on the 
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A fast catalyst that forms undesired side 
products is made more selective through 
its strong interactions with a second catalyst. 


urea catalyst, a sulfinamide, then additionally 
coordinates with the protonated substrate to 
forma chiral complex (see the figure). Hence, 
the urea catalyst tames the activity of the acid 
catalyst through enforcing its cooperativity in 
the activation of the substrate. 

The authors chose to apply their concept 
to ring-forming reactions in which a reac- 
tant with two adjacent double bonds and a 
reactant with one double bond form a six- 


Urea-cat 


Urea-cat 


Selective 
product 


exo ‘formation 


endo 


Transition structures 


A careful hold by two catalysts. The “puzzle pieces” illustrate how two organic molecules cooperate as 
catalysts for the reaction between molecules A and B. On the pathway to the left, a Bransted acid (Acid-cat) 
binds to reactant A, and product formation is fast but unselective—B can react at two sites. The pathway on 
the right shows the effect of adding a urea derivative (Urea-cat), which binds to Acid-cat and also interacts 
with A. The reaction is slowed down, and by surrounding part of reactant A, B is forced to react at one site, 
which favors one stereoproduct. The center shows a rendering of the transition structure for the urea (as balls 
and sticks) and the Bransted acid (tubes), which together catalyze ring formation by benzylidene aniline and 
2,3-dihydrofuran (wireframe); hydrogen atoms are omitted for clarity. The favored exo and unfavored endo 


transition states are also illustrated. 
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member ring. Formally, these are [4+2] 
cycloadditions of N-aryl imines to electron- 
rich olefins, the so-called Povarov reac- 
tion (/4). It is desirable that this reaction is 
enantioselective, which in this case means 
producing tetrahydroquinoline derivatives 
with control over the spatial arrangement of 
substituents around three of the atoms that 
can form different stereoisomers. This reac- 
tion is potentially useful because it provides 
direct access to some important biologically 
active compounds. 

Several bifunctional ureas and thioureas 
equipped with sulfinamido groups, depicted as 
Urea-cat in the figure, were particularly suit- 
able to control the activity of ortho-nitroben- 
zenesulfonic or trifluoromethansulfonic as 
the acid catalyst (Acid-cat), which otherwise 
promote the rapid unselective reaction. This 
combination provides the products with up to 
92% yield with diastereomeric ratios higher 
than 20:1 and up to 99% enantiomeric excess 


of the favored exo products. The validity of 
the cooperativity concept was supported by 
proton nuclear magnetic resonance studies 
and density functional theory computations. 
Both experiment and theory provide convine- 
ing evidence that complex formation occurs 
between the two catalysts and the substrates 
in the critical stages of the reaction. 

Cooperatively operating catalytic systems 
are highly useful in both homogeneous (/5) 
and heterogeneous transformations (/6). The 
fruitful interplay between organocatalysi: 
and catalysis in natural systems is just begin- 
ning but is very likely to be highly beneficial 
for both. The work of Xu ef al. is an impres- 
sive demonstration of the precise control of 
a cooperatively catalyzed reaction with non- 
covalent interactions alone. It is likely to 
become a general strategy for asymmetric 
catalysis because it mimics enzymes, where 
multiple sites are in charge of fine-tuning 
their catalytic activity. 
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CELL BIOLOGY 


When the Beginning Marks the End 


Axel Mogk and Bernd Bukau 


cetylation of the amino terminus (Nt- 
A= ) of a protein is one of the 
ost common modifications, occur- 
ring in about 50% of yeast proteins and more 
than 80% of human proteins (/). It is catalyzed 
by N-terminal acetyltransferases, occurs pre- 
dominantly on a nascent polypeptide chain as 
it is synthesized, and seems to be irreversible. 
So far, the biological role of Nt-acetylation has 
been enigmatic; only in a few cases has it been 
reported to affect protein functionality [for 
instance, nonacetylated actin is less efficient 
at assembling microfilaments (2)]. Controlling 
the activity of individual proteins cannot, how- 
ever, explain the massive Nt-acetylation of bulk 
proteins. On page 973 in this issue, Hwang ef 
al. (3) demonstrate that acetylation of the 
amino terminus of a protein can function as a 
degration signal (degron), revealing an entirely 
unexpected role of acetylation in protein turn- 
over and possibly homeostasis. 

Protein degradation in eukaryotic cells is 
highly specific; the majority of proteins are 
protected from being destroyed, whereas those 
with signaling functions or aberrant proteins 
are often subjected to regulated and general 
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proteolysis, respectively. The latter are cova- 
lently labeled at internal lysine residues with 
chains of ubiquitin molecules (catalyzed by E3 
ligases) that serve as a signal for protein degra- 
dation by the 26S proteasome (4, 5). 

One of the first protein degradation signals 
to be identified was defined by residues at the 
amino termini of proteins, and led to the N-end 
rule (6), which is conserved from eubacteria 
to humans. The rule states that the half-life of 
a protein is determined by its amino-terminal 
amino acid, which is either stabilizing (Met, 
Cys, Gly, Ala, Ser, Thr, Val, Pro) or destabiliz- 
ing (Phe, Leu, Trp, Tyr, Ile, Arg, Lys, His) (7, 
8). Almost 25 years later, Hwang ef al. have 
revisited the N-end rule by assessing the influ- 
ence of residues in the penultimate position at 
the amino terminus. Their astonishing obser- 
vation is that some residues that were initially 
characterized as stabilizing (Ala, Ser, Thr, Val) 
are destabilizing as well, provided that a basic 
residue (Lys, Arg, or His) is not present in the 
penultimate position. 

It was a striking correlation between the 
amino-terminal sequences that cause protein 
destabilization and the substrate specificity of 
N-terminal acetyltransferases, that unexpect- 
edly placed Nt-acetylation at the center of the 
investigation by Hwang ef al. Genetic studies 
in the yeast Saccharomyces cerevisiae and bio- 


An acetylated amino terminus represents a 
degradation signal for eukaryotic proteins. 


chemical studies revealed that Nt-acetylation 
is indeed a prerequisite for the degradation of 
model substrates. The authors further validated 
the role of Nt-acetylation in protein degrada- 
tion by identifying in vivo substrates in yeast. 
An acetylated amino terminus therefore repre- 
sents a degradation tag (Ac-N-degron). Simi- 
larity in the pattern of amino-terminal acetyla- 
tion and the conservation of N-terminal acetyl- 
transferases between yeast and human suggest 
that Nt-acetylation-dependent protein degra- 
dation also operates in higher eukaryotes (9). 
In this context, it should be stressed that the role 
of Nt-acetylation is not restricted to controlling 
protein stability. For example, it also regulates 
tropomyosin-actin interactions (/0), which 
cannot be explained by this new N-end rule. 
The Ac-N-degron is different from the 
“classical” N-degron in major aspects. Ac- 
N-degrons are recognized by the E3 ligase 
Doal0, whereas the E3 ligase Ubr1 ubiq- 
uitinates “classical” N-degrons (see the fig- 
ure). Hwang ef al. found that Doa10 specifi- 
cally recognizes acetylated amino termini, 
and proteins harboring Ac-N-degrons are at 
least partially stabilized in mutant yeast cells 
lacking Doal0. Although Doal0 localizes 
to the endoplasmic reticulum (ER) mem- 
brane and inner nuclear membrane and tar- 
gets aberrant ER membrane proteins, it also 
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Degradation 


Tags for destruction. Nascent polypeptide chains are cotranslationally processed 
by ribosome-associated methionine aminopeptidase (MAP) and N-acetyltranferases 
(NAD), generating conditional Ac-N-degrons that can be targeted by the E3 ligase 
oa10 for degradation. Classical N-degrons are generated from full-length proteins 


marks cytosolic and nuclear proteins for 
degradation (//). 

Another difference is that a “classical” 
N-degron can only be produced from a pre- 
N-degron sequence, requiring either cleavage 
to generate a new amino-terminal residue or 
enzymatic modification of the amino terminus 
to produce a destabilizing residue. The genera- 
tion of such N-degrons represents regulatory 
entry points to control protein stability. By con 
trast, Ac-N-degrons are generated constantly 
during protein synthesis. Nt-acetylation can 
occurat an amino-terminal methionine residue; 
however, methionine is frequently removed by 
a methionine aminopeptidase, leading to Nt- 
acetylation of the residue placed originally in 
the penultimate position. Methionine amino- 
peptidase does not remove methionine if a 
“classical” destabilizing residue is in the pen- 
ultimate position, thus restricting aminopep- 
tidase activity to Ac-N-degrons (/2). Here, a 
methionine aminopeptidase might either allow 
Ac-N-degrons of different strengths to be gen- 
erated, or protect the nascent polypeptide chain 
from Nt-acetylation in case glycine and proline 
residues, which are rarely acetylated, become 
positioned at the amino terminus. 

What might be the physiological function 
of Ac-N-degrons? Because Nt-acetylation is 
largely cotranslational, seemingly irreversible, 
and occurs in bulk proteins, it is unlikely to play 
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a role in specific regulatory circuits. Compar- 
ing the total proteins expressed in wild-type 
and in mutant yeast cells lacking individual 
N-terminal acetyltransferase enzymes did not 
reveal global differences (/3); thus, the pres- 
ence of an Ac-N-degron does not automatically 
target a protein for proteasomal degradation. 
Accordingly, a general correlation between Nt- 
acetylation and protein stability does not exist. 
Instead, Hwang et al. propose that an acety- 
lated amino terminus represents a conditional 
N degron, which results in protein degradation 
only when it is accessible for recognition by 
Doal0, Such accessibility could link the fold- 
ing or assembly state of a protein to its stability 
by allowing an aberrant protein to be removed 
and stoichiometries of protein complexes to be 
correctly adjusted by degrading nonassembled 
subunits. This would not lead to vast and non- 
specific protein degradation but rather would 
use a built-in quality-control mechanism to 
ensure high specificity of protein removal and 
to control protein homeostasis. However, the 
authentic substrates of the Ac-N degradation 
pathway that have been identified so far do not 
yet clarify whether such a link to protein qual- 
ity control exists. 

It is unclear why for some proteins, only a 
fraction of their cellular pool is amino-termi- 
nally acetylated. Itisalsonot yet known whether 
chaperone proteins that assist in protein folding 
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by cleavage and enzymatic modifications and are degraded in a Ubr-dependent 
manner. The accessibility of acetylated amino termini to Doa10 might link the stabil- 
ity of proteins to their folding or assembly state. Amino acid residues: A, Ala; C, Cys; 
F, Phe; H, His; I, Ile; K, Lys; L, Leu; M, Met; R, Arg; S, Ser; T, Thr; V, Val; and W, Trp. 


and assembly might control the accessibility of 
acetylated amino termini to Doa10, potentially 
adding another layer of complexity to this deg- 
radation pathway. Nt-acetylation and protein 
degradation might also be controlled by differ- 
ent intracellular amounts of acetyl-coenzyme 
A, the cosubstrate of N-terminal acetyltrans- 
ferases, thus allowing additional stimuli to be 
integrated into the degradation pathway. The 
identification of Ac-N-degrons sets the stage 
for an entire new research field. 
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PALEONTOLOGY 


On Giant Filter Feeders 


Lionel Cavin 


he largest living marine verte- 

l brates—baleen whales and several 
lineages of sharks and rays—feed 
directly on very small organisms (such as 
plankton and small fishes), Planktivorous 
sharks and rays collect food by filtering sea- 
water through gill rakers (fingerlike pro- 
jections on gill arches), whereas mysticete 
whales sieve small animals from seawater 
through whalebone or baleen (comblike 
keratin structures in their upper jaws) (/, 
2). On page 990 of this issue, Friedman et 
al. show that the first known large pelagic 
filter feeders, a group of ray-finned fishes, 
persisted between 170 and 65 million years 
ago (3). And on page 993, Marx and Uhen 
show that in the Tertiary (65 to 2.5 million 
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years ago), the diversity of mysticete whales 
was linked to the diversity of diatoms and to 
climatic variations (4). 

In the Jurassic (200 to 145 million years 
ago) and the Cretaceous (145 to 65 million 
years ago), ray-finned fishes called pachy- 
cormiforms lived in the oceans. These extinct 
fishes are regarded as primitive teleosts, 
the group to which most living bony fishes 
belong (5). A giant representative from the 
Middle Jurassic, Leedsichthys, was up to 9 
m long and has been interpreted as a filter 
feeder (6). This massive filter-feeding fish 
has been regarded as an isolated and fleeting 
evolutionary experiment. By reinterpreting 
old findings. analyzing new fossils, and run- 
ning phylogenetic analyses, Friedman ef al. 
show that this and other fossil fishes form 
a clade of massive marine filter feeders that 
lived from 170 to 65 million years ago. As 
today’s planktivorous sharks and rays do (/), 


Marine environments 


Massive filter-feeding vertebrates have 
roamed the world’s oceans for the past 
170 million years. 


these fishes engulfed water by swimming 
with an open mouth and sieved food while 
water escaped through the gill arches. 

Giant reptiles roamed the Jurassic and 
Cretaceous oceans, and some huge ray- 
finned fishes—the ichthyodectiforms (bull- 
dog fish and relatives)—emerged at the end 
of the Cretaceous. But all these beasts were 
apex predators that fed on large preys, and 
none had a filter-feeding diet. The newly 
discovered clade of massive filter-feeding 
fishes thus fills a large ecological niche. 

Marx and Uhen reveal how the taxonomic 
diversity of another, younger type of mas- 
sive filter feeder, the Tertiary baleen whales, 
was controlled by biological and environ- 
mental factors, rather than by the amount of 
rock in which we might find their fossils. 
Modern cetaceans (whales, dolphins, and 
porpoises) fall into two groups: the baleen 
whales (Mysteceti) and the toothed whales 
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Past diversity of large filter feeders. The diversity of filter-feeding pachy- 
cormids is from (3); the dotted line shows the diversity, including ghost lin- 
eages (which have no fossil record but are inferred to exist to comply with a 
phylogenetic tree) [see supporting online material of (3)]. The diversity of rays 
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and sharks (Mobulidae, Cetorhinidae, Rhincodontidae) is from (10) and that of 
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mysticete whales from (4). (Inset) At the Cretaceous-Paleogene boundary, the 
food chains based on primary production collapsed, leading to the extinction of 
large suspension feeders and large fish-eating fishes (red), whereas costal and 
deep-ocean fishes that relied more on detritus survived. 
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(Odontoceti). The authors show that the 
diversity of both groups can be explained by 
diatom diversity in conjunction with varia- 
tions in climate, as indicated by oxygen sta- 
ble isotope records. The results add to pre- 
vious observations that have stressed the 
importance of environmental parameters 
(both geographic and oceanographic) in the 
evolution of modern cetaceans (7). 

The two papers change our view of the 
natural history of these evolutionary di 
tant organisms, which share similar trophic 
resources (see the figure), and raise new 
questions about their evolutionary drivers. 
For instance, it has been shown that marine 
ray-finned fish diversity was positively cor- 
related with sea surface temperature in the 
Cretaceous, and that the Cretaceous fossi 
fish record corresponds to a genuine bio- 
logical radiation (8). Further evolutionary 
studies will help to determine whether the 
diversity of the Jurassic/Cretaceous filter- 
feeder clade was related to climatic factors 
and the diversity of primary producers, and/ 


or whether it was controlled by paleogeo- 
graphical factors. 

What caused the gap between the Juras- 
sic/Cretaceous and the Tertiary episodes of 
the natural history of giant filter feeders? 
It is probably linked with the same event 
that caused a mass extinction at the Creta- 
ceous-Paleogene boundary on land. This 
event affected only specific food chains. 
mainly those based on fresh plants (9). In 
the oceans, the phytoplankton-based food 
chains collapsed, whereas coastal and deep- 
ocean organisms that fed more on detri- 
tus survived (see the figure, inset). The fil- 
ter-feeding pachycormiforms, relying for 
food on small organisms low in the trophic 
chain, had the perfect profile of a victim and 
became extinct. The trophic niche was later 
refilled, first with sharks and rays from ~56 
million years ago and then with modern 
cetaceans from ~34 million years ago (see 
the figure). 

The two studies also show that phylo- 
genetic reconstructions can be the start- 
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ing point for investigating major events in 
the history of life (3)—and not only an aim 
per se, as happens too often with fossil fish 
studies—and that variations in the diversity 
of life can be read directly from the fossil 
record if precautions are taken (4). 
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PHYSICS 


The Lowdown on 


Piers Coleman 


ne of the quests of condensed matter 
O physics is to discover materials with 
ew types of collective electronic 
properties, such as the giant magnetoresi: 
tance materials (7) now used for memory 
storage or high-temperature superconductors 
(2). Such “strongly correlated electron” mate- 
rials challenge our understanding and provide 
the grist for future technologies. However, 
identifying new kinds of electronic behav- 
ior is still serendipitous, largely 
because the materials structures 
of greatest interest do not crystal- 
lize to order. On page 980 of this 
issue, Shishido ef al. (3) introduce 
a systematic approach based on 
molecular beam epitaxy for the 
preparation of complex interact- 
ing electron materials, thus open- 
ing up the possibility of making 
available many new structures 
not currently accessible to direct 
chemical synthesis. 
It is the Coulomb repulsion 
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between electrons that drives the development 
of new kinds of electronic behavior. When the 
repulsion energy between electrons is small 
compared with their kinetic energy, electrons 
move independently, but when the inter- 
actions are large, electron motions become 
highly correlated, and may develop unexpect- 
edly new types of collective behavior in order 
to try and lower the Coulomb energy. 

Two strategies have proven particularly 
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Layer-by-layer growth provides a route to 
control the properties of complex interacting 
electron systems. 


successful in preparing strongly correlated 
electron materials. The first is to find layered 
materials where the confinement of elec- 
trons to two dimensions enhances their inter- 
actions. The other is to tune the material by 
some external parameter (¢.g., pressure, mag- 
netic or electric field) to the brink of magnetic 
instability, a point in the phase diagram called 
a “quantum phase transition” (4, 5), Interac- 
tions between electrons inside materials are 


Exerting control. Electrons interact via the 
exchange of magnetic and electric fluctuations 
that radiate outwards. Interactions decay more 
slowly and are hence stronger in layered two- 
dimensional metals because they radiate in fewer 
directions, (A) Three-dimensional Celn,. (B) Layers 
of heavy-fermion Celn, made by MBE, as in the 
study by Shishido et al., behave as a quasi-two- 
dimensional metal, in which interactions decay 
more slowly, and are stronger. 
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transmitted by quantum mechanical fluctua- 
tions that radiate out from each particle (see 
the figure). In two dimensions these fluctua- 
tions decay more slowly with distance, result- 
ing in stronger interactions. The fluctuations 
also become more intense near a quantum. 
phase transition. Many of the superconduc- 
tors discovered in the past decade are indeed 
layered compounds close to a quantum phase 
transition (6, 7). 

Rather than using direct chemical synthe- 
sis, Shishido e7 a/. turn to a method used com- 
monly to fabricate semiconductor devices 
molecular beam epitaxy (MBE), a technique 
involving the direct deposition of atoms from 
an atomic beam onto a substrate, slowly 
building an ordered crystal, layer by layer (8, 
9). They apply the MBE method to a class 
of strongly correlated metals called heavy- 
fermion compounds, materials that contain 
arrays of rare earth atoms that trap electrons 
tightly inside f orbitals where they experience 
strong interactions (“heavy fermion” refers 
to the very large effective mass of the charge 
carriers in these metals). 

Shishido e¢ a/. start with a three-dimen- 
sional heavy-fermion compound, Celn,. 
In three dimensions, the f electrons in this 
material are localized and arrange their mag- 
netic properties to form an antiferromagnet. 
Earlier experiments showed that under high 
pressure (4), the magnetism could be sup- 
pressed, driving the material to a quantum 
critical point where superconductivity devel- 
oped. Layered derivatives of this material in 


which the magnetism was sometimes absent 
and superconductivity developed spontane- 
ously were later discovered (6). Could one 
systematically reproduce these effects using 
MBE methods? 

By successfully identifying the condi- 
tions and substrate needed to lay down lay- 
ers of heavy-electron material, Shishido e¢ 
al. systematically lower the dimensionality 
of Celn,. They do this by introducing alter- 
nating layers of magnetic CeIn, and nonmag- 
netic Laln,, which is a weakly interacting 
metal. They have prepared a family of such 
compounds containing variable thicknesses 
of cerium layers. With eight cerium layers 
the material behaved like three-dimensional 
Celn,, with a magnetic phase transition, but 
as they reduced the number of cerium layers, 
they found that the reduced dimensionality 
suppressed the temperature of the magnetic 
phase transition, driving it to absolute zero 
(OK) by the time they had reached the two- 
layer system. 

Two fascinating properties developed in 
the two-layer system, suggesting that it lies 
right at a quantum phase transition. First, 
Shishido et a/. found that the resistance of this 
material is very sensitive to magnetic fields, 
an indication of scattering of electrons off 
the soft magnetic fluctuations around a mag- 
netic quantum phase transition. Second, the 
temperature (7) dependence of the resistiv- 
ity changed qualitatively as the dimensional- 
ity of the crystal decreased, shifting from a 
T? dependence expected in conventional met- 


als to a linear dependence on temperature 
behavior characteristic of inelastic scattering 
off spin fluctuations. 

These experiments are a milestone in 
the application of MBE methods to layered 
intermetallic materials, showing that these 
methods can be successfully used to tune 
the dimensionality and increase the elec 
tron interactions in these kinds of materials. 
Although the current experiments did not 
observe any emergent superconductivity at 
the magnetic quantum phase transition, this 
next milestone may not be far away. In the 
current samples, the resistivity of the most 
two-dimensional samples is large, an effect 
the authors attribute to interdiffusion of lan- 
thanum and cerium between layers (3). The 
scattering this creates is well known to break 
up the electron pairs needed for superconduc- 
tivity. Future experiments, replacing the lan- 
thanum with smaller transition metal ions, 
may well be able to solve this problem. 
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Can We Understand Clouds 
Without Turbulence? 


E, Bodenschatz,"? S. P. Malinowski,’ R. A. Shaw,‘ F. Stratmann® 


ton published an essay in Science enti- 
tled “Cloud physics: Not all questions 
about nucleation, growth, and precipita- 
tion of water particles are yet answered” 
(J). Since then, understanding of cloud pro- 


Je over 50 years ago, Henry Hough- 
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cesses has advanced enormously, yet we still 
face some of the basic questions Houghton 
drew attention to. The interest in finding the 
answers, however, has steadily increased, 
largely because clouds are a primary source 
of uncertainty in projections of future climate 
(2). Why is our understanding of cloud pro- 
cesses still so inadequate, and what are the 
prospects for the future? 

Clouds are dispersions of drops and ice 
particles embedded in and interacting with a 
complex turbulent flow. They are highly non- 
stationary, inhomogeneous, and intermittent, 
and embody an enormous range of spatial 


Advances at the interface between atmospheric 
and turbulence research are helping to 
elucidate fundamental properties of clouds. 


and temporal scales. Strong couplings across 
those scales between turbulent fluid dynam- 
ics and microphysical processes are integral 
to cloud evolution (see the figure). 
Turbulence drives entrainment, stir- 
ring, and mixing in clouds, resulting in 
strong fluctuations in temperature, humid- 
ity, aerosol concentration, and cloud par- 
ticle growth and decay (3). It couples to 
phase transition processes (such as nucle- 
ation, condensation, and freezing) as well 
as particle collisions and breakup (4). All 
these processes feed back on the turbu- 
lent flow by buoyancy and drag forces and 
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affect cloud dynamical processes up to 
the largest scales (5—7). 

To a large extent, understanding of 
clouds has come through the study of two 
phenomena: cloud microphysical pro- 
cesses in nonturbulent fluids, and large- 
scale cloud circulation and dynamics. At 
the same time, understanding of the phys- 
ics of fully developed turbulent flows has 
advanced rapidly. For example, sophisti- 
cated laboratory apparatus now allows the 
study of nucleation and growth of cloud 
particles under well-controlled condi- 
tions (8). Computational models ranging 
from the cloud to the global scale eluci- 
date detailed interactions between aerosols 
and cloud dynamics (9). And three-dimen- 
sional particle tracking and fully resolved 
turbulence simulations have substantially 
advanced our understanding of turbulent 
transport and mixing (/0). 

The frontier in cloud physics, and the 
challenge in understanding cloud pro- 
cesses, lies at the intersection of these two 
fields (//). For example, high-resolution 
measurements of temperature, liquid water 
content, aerosol properties, and airflow 
reveal fascinating small-scale cloud struc- 
tures, invisible with earlier technology (3, 
12), Laboratory experiments and numeri- 
cal simulations are providing detailed 
information on cloud microphysics (8), 
turbulent dynamics (/3), and interactions 
and collisions between droplets (/4, 15). 
Scale-resolving simulations that merge 
methods from the cloud and turbulence 
communities are elucidating the wide vari- 
ety of circulation regimes (/6). These tools 
allow the full complexity of microphysical 
and fluid-dynamical interactions in clouds 
to be explored (see the figure). 

Two examples illustrate this further. 
First, computational, laboratory, and field 
studies (/7, /8) have explored two funda- 
mentally different regimes for the inter- 
play between turbulent mixing and droplet 
growth and evaporation. At large scales, 
mixing occurs at sharp fronts and fields are 
inhomogeneous, whereas at small scales, 
mixing is smooth and homogeneous. These 
regimes strongly affect spatiotemporal 
droplet growth and evaporation, with impli- 
cations for precipitation initiation and radia- 
tive properties of clouds. 

Second, recent research has changed our 


A matter of scale. Turbulence on scales from hun- 
dreds of meters to fractions of millimeters affects 
the formation and dynamics of clouds, with con- 
sequences extending to the scale of weather and 
global climate. CCN, cloud condensation nuclei. 
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understanding of rain formation. Rain forma- 
tion has long been attributed to collisions and 
subsequent coalescence resulting from cloud 
particles falling at different terminal speeds in 
a quiescent fluid. This view neglected the fact 
that clouds are turbulent. Turbulence provides 
a random acceleration term to compete with 
the gravitational sedimentation, resulting in 
complex particle trajectories that cross fluid 
streamlines and lead to spatially clustered par- 
ticle distributions (see the figure). This process 
substantially enhances collision rates, thus 
reducing the time required to form precipita- 
tion in clouds (/5, /9). 

With these advances we can better address 
some of Houghton’s persistent questions (/). 
Laboratory facilities are being developed for 
studying droplet activation, ice nucleation, 
and condensational growth in flows with real- 
ic turbulence and thermodynamics condi- 
tions. Lagrangian particle tracking can elu- 
cidate cloud particle dynamics in the labora- 
tory as well as in real clouds. Scale-resolving 
numerical simulations have begun to capture 
the interplay of turbulent mixing and nonlin- 
ear phase transitions. The resulting insights 
will enable the development of hierarchies of 
models for predicting how small-scale pro- 
cesses couple to the larger scales and how this 
coupling affects weather and climate. 
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RETROSPECTIVE 


Marshall Warren Nirenberg 


(1927-2010) 


Philip Leder 


f all the astonishing advances and 
Orr 3 of 20th-century biology, 

few compare to the elucidation of the 
genetic code in terms of importance and uni- 
versal impact. The code is the Rosetta Stone 
of life, specifying how genetic information in 
the form of a linear array of four nucleotides 
in RNA directs the incorporation of each of 
the 20 amino acids into proteins. 

By the mid-1950s, researchers understood 
enough about the role of RNA and DNA to 
realize that some mechanism must translate 
genetic information in the form of messen- 
ger RNA (mRNA) into its final form as pro- 
tein. This mechanism was called the “genetic 
code,” and, coming after the determination 
of the double helical structure of DNA, it 
became the target of intense speculation and 
even some experimental probing. Such was 
the scientific world into which a young Mar- 
shall Nirenberg entered, fascinated by the 
advances in protein synthesis and eager to try 
his hand in an experimental approach. 

Nirenberg was prepared and motivated for 
the work. Born in New York City in 1927, but 
raised in central Florida, he loved tramping 
through swamps, catching all sorts of creatures, 
in particular, snakes. One photograph from that 
era shows the teenager in waders, holding a 
6-foot snake and smiling mischievously. 

Later, Nirenberg would matriculate in 
the Department of Zoology at the University 
of Florida, where his master’s thesis was on 
caddisflies. Hoping for a more molecular ori- 
entation in his work, Nirenberg entered the 
University of Michigan, where he earned a 
Ph.D. There, James Hogg, whom he often 
referred to as a wonderful teacher and friend, 
mentored him in biochemistry, In another 
and final move, Nirenberg came to the 
National Institutes of Health (NIH) as a post- 
doctoral fellow in 1957, ultimately achieving 
an independent staff position. Finally, he had 
the opportunity to pursue his studies of pro- 
tein synthesis. 

Nirenberg realized that development of 
a cell-free protein synthetic system would 
be a valuable tool in detecting mRNA. First 
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working by himself, and 
later with a postdoctoral 
fellow, Heinrich Matthaei, 
they labored, literally day 
and night, to develop con- 
ditions under which the 
system was stabilized. 
Their work resulted in the 
famous polyU experiment, 
in which a synthetic RNA 
polymer consisting entirely 
of uradylic acid (U) resi- 
dues directed the incorpo- 
ration of only 1 of the 20 amino acids (pheny- 
lalanine) into protein. Therefore, the codon or 
code word, the informational unit, for pheny- 
lalanine is a stretch of U’s, probably a triplet 
as other genetic evidence suggested. 

Nirenberg presented the work in August 
1961 at the International Congress of Bio- 
chemistry in Moscow. Coming from an 
unknown, it initially received scant attention 
until Francis Crick, codiscoverer of the struc- 
ture of DNA anda leading figure in molecular 
biology, organized a repeat performance in a 
larger hall. 

Nirenberg had taken the first step toward 
elucidating the genetic code, and it invited 
intense competition. Severo Ochoa, a dis- 
tinguished Nobel Laureate who directed a 
large and very able group of biochemists at 
New York University, seized the opportunity 
and a veritable horse race to work out the 
complete code ensued. At NIH, friends and 
colleagues dropped what they were doing 
to help Nirenberg. Papers from the two labs 
seemed to appear almost monthly, and by 
1962 the composition, but not the sequence 
of nucleotides of each codon, was largely 
determined. The first phase of the race, 
the compositional code, was complete, but 
the sequence of nucleotides in each codon 
remained to be determined. 

This last phase depended on the develop- 
ment of a simple assay devised by the Niren- 
berg group to observe the binding of aminoa- 
cyltRNA (transfer RNA) toaribosomal com- 
plex in response to synthetic triplet codons. 
The success of this approach was announced 
at the 1964 International Congress of Bio- 
chemistry, in New York City, before a large 
and very excited crowd of biochemists. Using 


Passion and curiosity spurred a soft-spoken 
biologist to lead the fierce race to crack the 
code of life. 


this approach, the Niren- 
berg group, now joined 
in the race by the chemist 
Har Gobind Khorana, had 
largely completed all the 
codon assignments. Further 
studies revealed that the 
code was virtually univer- 
sal; that is, the same code 
words were used in almost 
all animal and plant spe- 
cies. In 1968, Nirenberg, 
Khorana, and Robert Hol- 
ley (who worked on tRNA) shared the Nobel 
Prize in Physiology or Medicine. 

Although interesting details remained to 
be worked out, the coding problem was essen- 
tially solved. Nirenberg, among several other 
distinguished molecular biologists seeking 
important challenges in the 1970s, turned 
to the study of the nervous system. The field 
advanced slowly pending the development of 
recombinant DNA and other technologies. 
These eventually made this area one of the 
most rapidly advancing fields of biology, thus 
vindicating Nirenberg’s decision to move. 

While Nirenberg’s tenure at NIH for his 
entire career suggests that he was averse to 
teaching, nothing could be further from the 
truth. He was a wonderful and generous one- 
on-one teacher and a great supporter of his 
associates, many of whom have gone on to 
distinguished careers. Soft spoken, he would 
patiently listen to a younger colleague and 
give serious thought to his or her question or 
idea, no matter how off-beat. Colleagues were 
invariably greeted by a cheery, “So what's 
new?” And he really wanted to hear what was 
going on in the lab. Science was clearly his 
all-consuming passion. Conversations with 
him were always stimulating, He retained that 
gleeful enthusiasm he exhibited as a teenager, 
catching snakes in a Florida swamp. 

Sadly, Marshall Warren Nirenberg died 
of cancer on 15 January 2010. He was pre- 
deceased by his wife of 40 years, the Brazil- 
ian chemist, Perola Zaltzmann, and is sur- 
vived by his present wife, Myrna Weissman, 
professor of Epidemiology and Psychiatry at 
Columbia University, College of Physicians 
and Surgeons. 
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N-Terminal Acetylation of Cellular 
Proteins Creates Specific 
Degradation Signals 


Cheol-Sang Hwang, Anna Shemorry, Alexander Varshavsky* 


The retained N-terminal methionine (Met) residue of a nascent protein is often N-terminally 
acetylated (Nt-acetylated). Removal of N-terminal Met by Met-aminopeptidases frequently leads to 
Nt-acetylation of the resulting N-terminal alanine (Ala), valine (Val), serine (Ser), threonine (Thr), 
and cysteine (Cys) residues. Although a majority of eukaryotic proteins (for example, more than 
80% of human proteins) are cotranslationally Nt-acetylated, the function of this extensively 
studied modification is largely unknown. Using the yeast Saccharomyces cerevisiae, we found that 
the Nt-acetylated Met residue could act as a degradation signal (degron), targeted by the Doal0 
ubiquitin ligase. Moreover, Doa10 also recognized the Nt-acetylated Ala, Val, Ser, Thr, and Cys 
residues. Several examined proteins of diverse functions contained these N-terminal degrons, 
termed ““N-degrons, which are a prevalent class of degradation signals in cellular proteins. 


‘any eukaryotic proteins are acety- 
Mi« at the a-amino group of their 
‘N-terminal residues (fig. SIA) (/). 
Previous studies of N“-terminal acetylation (Nt- 
acetylation) have characterized Nt-acetylated 
proteins and N“-terminal acetyltransferases (Nt- 
acetylases) that catalyze this cotranslational 
modification (2-7). Owing to the design of the 
genetic code, nascent proteins contain N-terminal 
Met. A retained N-terminal Met that is followed 
by “acetylation-permissive” residues is usually 
Nt-acetylated (fig. S1A) (5-7). Met-aminopeptidases 
cleave off the N-terminal Met if the residue at 
position 2 has a small enough side chain, resulting 
in N-terminal Ala, Val, Ser, Thr, Cys, Gly, or Pro 
(fig. $1B) (8). With the near-exception of Gly and 
Pro, these N-terminal residues are often Nt- 
acetylated, similarly to N-terminal Met (5-7). In 
cell extracts, some Nt-acetylated proteins can be 
degraded by the ubiquitin (Ub) system (9). 
However, no cognate Ub ligases have been 
identified, and it has been assumed that the 
relevant degradation signals were internal (not N- 
terminal) (9). Currently, the prevalent view of Nt- 
acetylation is that this modification protects 
proteins from degradation. To the contrary, we 
report here that Nt-acetylation creates | 
degradation signals (degrons) that are targeted by a 
branch of the Ub-dependent N-end-rule pathway. 
Destabilizing N-terminal sequences. The N- 
end rule relates the in vivo half-life of a protein to 
the identity of its N-terminal residue (10-20). N- 
terminal degradation signals of the N-end-nule 
pathway are called N-degrons, Their main deter- 
minant is a destabilizing N-terminal residue of a 
protein (fig. SIC). Recognition components of the 
N-end-rule pathway are called N-recognins. An 
N-recognin is an E3 Ub ligase that can target for 
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polyubiquitylation at least a subset of N-degrons 
(13, 15, 18, 19). The N-end rule of the yeast S. 


L\ 


these residues, eight are primary destabilizing 
residues; that is, recognized directly by the Ubrl 
N-recognin, whereas the other four N-terminal 
residues, called secondary or tertiary destabilizing 
residues, must be modified through deamidation 
and/or arginylation before the corresponding 
proteins can be targeted by Ubr! (fig. S1C). 

In mammalian cells, the N-terminal Cys of N- 
end-rule substrates can be oxidized, by nitric oxide 
(NO) and oxygen, and thereafter arginylated by an 
arginyl-transferase. The resulting N-terminal Arg 
is recognized by Ubrl-type N-recognins (/5, /6). 
In contrast, N-terminal Cys appeared to be a stabi- 
lizing residue in S. cerevisiae, which lacks NO 
synthases (//), That study also ified N- 
terminal Met, Ala, Val, Ser, and Thr as stabilizing 
residues in S. cerevisiae (11). One caveat in these 
assignments is the possible influence of sequences 
downstream of the reporter’s N terminus. To deter- 
mine whether N-terminal Cys can be destabiliz~ 
ing in yeast, we performed a screen in ura3 S, 
cerevisiae with Cys-Z-e-Ura3 reporters, produced 
by deubiquitylation (/0, 2/) of Ub-Cys-Z-c*- “Uns, 


cerevisiae comprises 12 destabilizing, unacety- 
lated N-terminal residues (out of the fundamental 
set of 20 amino acids) (12-15, /8, 19). Among 


Z denotes a varied residue at position 2, and e“ 
[extension (e) containing lysine (K)] denotes a 
~40-residue sequence upstream of Ura3. The 
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Fig. 1. Destabilizing N-terminal residues. (a) CHX chases, for 0, 1, and 2 hours in wild-type S. cerevisiae 
expressing CK-e*-Ura3 (lanes 1 to 3) or CL-e“-Ura3 (lanes 4 to 6). Cell extracts were fractionated by SDS— 
polyacrylamide gel electrophoresis, followed by immunoblotting with, anti-Ha and anti-tubulin, the latter 
a loading control. (B) As in (A) but chases for 0 and 2 hours with XZ-eS-Ura3 (X = Cys, Met, or Ser; Z=Trp, 
Val, or Leu) in wild-type versus ubr2A cells. (C) As in (A) but with MZ-e-Ura3 (Z = Leu or Lys) in wild-type 
cells. (D) As in (A) but chases for 0, 0.5, and 1.5 hours with XL-e-Ura3 (X = Gly, Val, Ala, or Thr) in wild- 
type cells. (E) As in (A) but with CL-e-Ura3 in wild-type cells (lanes 1 to 3) versus doa10A cells (lanes 4 to 
6). (F) As in (E) but chases for 0, 0.5, 1, and 2 hours with ML-e*-Ura3. (G) Lanes 1 and 2, short-lived ML- 

e“Ura in the MG132-sensitive pdr5A S. cerevisiae, in the absence and presence of MG132, respectively. 
Lanes 3 and 4, same as lanes 1 and 2 but with long-lived MK-e*-Ura3. 
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extension (fig. $1D) has the technically valuable 
property of lacking intemal degrons while con- 
taining “ubiquitylatable” Lys residues (/0-12). 
This screen identified Cys-Z-e-Ura3 fusions (Z = 
Leu, Val, or Pro) with low Ura3 activity, We exam- 
ined these fusions using a cycloheximide (CHX)- 
chase assay, in which a protein is analyzed by 
immunoblotting as a function of time after the 
inhibition of translation by CHX (18, 19). The 
above three reporters were short-lived in vivo [half- 
life (42) <1 hour}, in contrast to GL-e*-Ura3 (N- 
terminal Gly) and CK-c*-Ura3 (Lys at position 2), 
which were long-lived (Fig. 1, A, B, and D; fig. S2B; 
and fig. S3, A and D). Other nonbasic residues at 
on 2 also yielded short-lived CZ-e*-Ura3 
tp. Glu, Gly, or He) (Fig. 1B and fig. S3A). 

Several other XL-c*-Ura3 reporters (X = Met, 
Ser, Val, Ala, or Thr) were also short-lived in vivo, 
like CL-e-Ura3 and in contrast to long-lived MK- 
Ura (Lys at position 2), MR-e*-Ura3 (Arg at 
position 2), GL-c*-Ura3 (N-terminal Gly), and PL- 
eUra3 (N-terminal Pro) (Fig. 1, A to D; fig. $2, 
A and B; and fig. $3, B, C, and E). We also 
performed *5S-pulse chases (/8, 19) with CL-e*- 
‘Ura3 and ML-e*-Ura3 versus CK-e*-Ura3 and 
MK-e*-Ura3 (fig. $4, A to C). The techniques of 
CHX chases and *°S-pulse chases are comple- 
mentary, because the former method monitors the 
degradation of all molecules of a specific protein, 
whereas the latter assay measures the degrada- 
tion of newly formed (pulse-labeled) molecules. 
35§-pulse chases confirmed the instability of XL- 
eXUra3 (X = Cys or Met) and stability of XK-c*- 
Ura3 (X = Cys or Met) (Fig. 1, A and C; fig. $2, 
Aand B; and fig. $4, A to C). The degradation of 
ML-e*-Ura3 was proteasome-dependent, because 
the MG132 proteasome inhibitor significantly in- 
creased the level of the normally short-lived ML- 
c-Ura3 but not of the long-lived MK-e*-Ura3, 
whose levels were high both in the presence and 
absence of MG132 (Fig. 1G). 

The Doal0 ubiquitin ligase recognizes 
acetylated N-terminal residues. To search for a 
Ub ligase or ligases that mediate the degradation 
of XL-c*-Ura3 (X = Met, Ala, Val, Ser, Thr, or 
Cys), we expressed CL-c*-Ura3 in S. cerevisiae 
mutants that lacked specific E3 or E2 enzymes 
(fig. S4D), CL-e-Ura3 became long-lived in the 
absence of Doal0 (Fig, IE and fig. S4, D and E). 
Moreover, other short-lived XL-e*-Ura3 proteins 
(Z= Met, Ser, or Val) were also stable in doa 0A 
cells (Fig. IF and fig. $4, F and G). Doal0 is a 
transmembrane E3 Ub ligase that functions with 
the Ube6/Ube7 E2s and resides in the endoplasmic 
reticulum (ER) and inner nuclear membrane (INM) 
(22-24). To address the above results, we focused 
on MATa2, a physiological substrate of Doal0. 

The 24-kD MATa2 contains more than one 
degradation signal and has an in vivo half-life of 
5 to 10 min (/3, 25, 26). MATa2 represses tran- 
scription of a-specific genes in a-cells, whereas in 
ala diploids the MATo2-MATal complex represses 
haploid-specific genes (27, 28). The 67-residue 
N-terminal region of MATa2, termed Degl, has 
been shown to harbor a Doal 0-dependent degron 


( 


(22-24). MAT@2 is absent from databases of Nt- 
acetylated proteins (5, 6), possibly because of its 
short in vivo half-life. We expressed full-length 
MATa2 in doal0A ubc4A yeast and analyzed 
purified MATa2 using liquid chromatography— 
tandem mass spectrometry (LC-MS/MS). The 
results (fig. SSA) indicated virtually complete Nt- 
acetylation of MATa2 (no MATa2 that lacked 
Nt-acetylation could be detected), in agreement 
with Nt-acetylation of other proteins containing 
the N-terminal Met-Asn (S-7). Similar LC-MS/MS 
of the Doal 0-targeted, purified ML-c*-Ura3 (fig. 


reporter, in agreement with Nt-acetylation of other 
proteins containing the N-terminal Met-Leu (5-7). 
‘We also observed Nt-acetylation of a Deg] -bearing 
reporter that was purified from E, coli and incu- 
bated with S. cerevisiae extracts (fig. S6A). 

In addition, we produced an antibody, termed 
anti-"'MATq2, that recognized the Nt-acetylated 
N-terminal sequence of MATa2 (Fig. 2C) and 
was specific for the Nt-acetylated, hemagglutinin 
(HA)-tagged, MATa2-derived, MN-a2>°7-c8- 
Ura3 reporter, denoted MNa2 (Fig. 2, A and B). 
Anti-“'MAT2 and anti-Ha (the latter antibody 


85, B and C) indicated the Nt-acetylation of this recognized both Nt-acetylated and unacetylated 
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Fig. 2. Doa10 as an N-recognin. (A) Extracts from wild-type, doa20A, and nat3A S. cerevisiae that 
expressed XZ-02**7-e“-Ura3 (XZa2) (X = Met, Arg, or Gly; Z = Asn or Lys) were immunoblotted with 
anti-““MATa2 (which selectively recognized Nt-acetylated MNu2) or (separately) with anti-Ha, which 
recognized both Nt-acetylated and unacetylated MNa2, or with anti-tubulin. XZa2 (“a2"), Nt-acetylated XZu2 
(“Ac-2"), and tubulin are indicated. Asterisks denote a protein cross-reacting with anti-“’MAT«12. (B) As in (A) 
but CHX chases for 0, 0.5, 1, and 2 hours with MNa2, in wild-type, doa10A, and nat3A cells. (C) Indicated 
amounts of the Nt-acetylated Ac-MNKIPIKDLLNC peptide versus its unacetylated counterpart were spotted onto 
membrane and assayed for their binding to anti-““'MATu2. (D) X-peptide pulldown with peptides 
XNKIPIKDLLNC (X = Met, “Met, or Gly) (lanes 2 to 4) or XIFSTDTGPGGC (X = Gly, Met, Arg, or Phe) (lanes 5 
to 8) and extract of S. cerevisiae that expressed Doa0,,yc13- Lane 1, input extract (5%). (E) SPOT assay with 
purified, flag-tagged Doa10, and spot-arrayed synthetic peptides XZ-e“"™” (x = Gly, Ala, Val, Pro, Ser, Thr, or 
Cys, Z = Leu or Lys) and their Ntacetylated XZ-e° counterparts. XZ residues are indicated atthe top of the 
membrane. (F) Quantitation, using a Phosphorl , of *°S-pulse chases with MATa2; and its mutant 
derivatives (fig. 6, B and C). Solid circles, "NMATa2; open circles, "“MATa2;; upright triangles, 
SNMATa2; (initially ““XMATa2,) in ubc4A cells; inverted triangles, ““MATa2; in ubc4A doa0A cells. 
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MNa2) were used to immunoblot extracts of cells 
that expressed MNa2. Wild-type cells contained 
barely detectable steady-state levels of either total 
‘or Nt-acetylated MNa2 (Fig. 2A), owing to its 
rapid degradation. In contrast, nat3A cells, which 
lacked the cognate NatB Nt-acetylase, contained 
high levels of unacetylated MNa2 (detected by 
anti-Ha) and almost no Nt-acetylated MNa2 (Fig. 
2A). Similar patterns were observed in wild-type 
cells that expressed MKa2 (Lys at position 2) or 
GNa2 (N-terminal Gly) (Fig. 2A). As shown by 
proteome-scale analyses, S. cerevisiae proteins con- 
taining Lys at position 2 are virtually never Nt- 
acetylated, and few proteins that bear N-terminal 
Gly are Nt-acetylated (5-7). Most importantly, 
high levels of Nt-acetylated MNa2 were present 
in doal0A cells (Fig. 2A), owing to metabolic 
stabilization of Nt-acetylated MNa2 in the ab- 
sence of Doal0. These data (Fig. 2A) were in 
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agreement with the LC-MS/MS results showing 
that MATa2 was Nt-acetylated (fig. SSA). 

To determine whether the Doal0 Ub ligase 
recognizes the Nt-acetylated Met (“““'Met), we 
used the X-peptide assay (15) with synthetic pep- 
tides XNKIPIKDLLNC (X= Met, ““Met, or Gly) 
(29). Except for C-terminal Cys and the varied N- 
terminal residues, these peptides were identical to 
the N-terminal region of MATa2. Immobilized 
peptides were incubated with extract from yeast 
that expressed myc;3-tagged Doal0, followed by 
elution of the bound proteins and immunoblotting 
with antibody to myc. Doal Ojye13 bound to the 
MAT«a2 peptide with N-terminal “““'Met but not 
to the otherwise identical peptides with un- 
modified N-terminal Met or with N-terminal Gly 
(Fig. 2D). Additional controls, which did not bind 
to DoalOjnyciae Were peptides XIFSTDTGPGGC 
(X = Gly, Met, Arg, or Phe) derived from the N 
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Fig. 3. ““N-degrons in yeast proteins. (A) Lanes 1 to 3, CHX chase for 0, 1, and 2 hours in wild-type 
S. cerevisiae expressing Tbf1,,,. Lanes 4 to 6, 7 to 9, and 10 to 12, analogous patterns but in doa10A cells with 
“Tf. (Lys at position 2), °TbfA),. (initially ““TbfA),.), and wild-type Tbf,., respectively. (B) As in (A) but 
with wild-type SIk19,,. and its mutant derivatives in wild-type versus doa10A cells. (C) As in (A) but with wild- 
type Ymr090w;,. and its mutant derivatives in wild-type versus doa10A cells. (D) As in (C) but with wild-type 
Ymr090Wh, in wild-type versus doaZ0A and ard1A cells. (E) As in (A) but with wild-type His3,, in wild-type 
versus doa10A cells. (F) As in (E), with wild-type His3,,, in wild-type versus doa10A and ard1A cells. (G) As in 
(A) but CHX chases for 0, 0.5, 1, and 2 hours with wild-type Aro8,,, in wild-type versus doa10A and ard1A 
cells. (H) As in (A) but with wild-type Hsp104,, and its mutant derivatives in wild-type versus doa10A cells. 
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terminus of nsP4, a Sindbis viral protein (/3) (Fig. 
2D). Thus, Doal0 recognizes the ““'Met residue 
and does not have a significant affinity for 
downstream sequences of MATa2 or nsP4. 

Doal0 specificity was also analyzed with the 
synthetic peptide arrays on membrane sup) yort 
(SPOT) technique, in which synthetic XZ-e8°"') 
peptides and their Ntacetylated “°XZ-e8") 
counterparts were C-terminally linked to a mem- 
brane as “dots” in equal molar amounts, SPOT 
peptides were identical to the N-terminal region of 
e* (fig. SID), with varied residues at positions | and 
2. A SPOT assay with C-terminally flag-tagged 
Doal0¢ indicated the recognition of “*'Met by 
Doal0, in agreement with the results of the X- 
peptide assay (Fig. 2, D and E), SPOT also indicated 
a highly preferential binding of Doal 0, to other 
Nt-acetylated (versus unacetylated) “°XZ-¢8") 
peptides (X = Gly, Ala, Val, Pro, Ser, Thr, or Cys), 
including Nt-acetylated Gly and Pro (Fig. 2E). 
Thus, Gly and Pro are (largely) stabilizing in the 
N-end mule (Fig, 1D and fig. 3E) because N- 
terminal Gly and Pro are Nt-acetylated in relatively 
few proteins (5-7). Doal0 did not bind to N- 
terminal “““'Met if it was followed by Lys at po- 
sition 2 (Fig. 2E). Thus, the metabolic stability of 
XK-c*-Un3 (X = Met or Cys) containing Lys at 
position 2 (Fig. 1, A and C) stems not only from 
the absence of Nt-acetylation (5-7) but also from the 
rejection, by Doal0, of Lys at position 2 (Fig. 2E). 

The Doa10-dependent ““N-degron of MATa2. 
Taking advantage of the specificity of anti- 
AS'IMATa2 for Nt-acetylated MNa2, we per- 
formed CHX chases as well, in addition to 
steady-state assays (Fig. 2, A and B), MNa2 
was short-lived in wild-type cells. Even “time- 
zero” samples, at the time of addition of CHX, 
contained barely detectable levels of either Nt- 
acetylated or total MNa2 (Fig. 2B). In contrast, 
MNo2 was a long-lived protein in doa/0A and 
nat3A cells, but for different reasons: In doa 0A 
cells, which lacked the cognate Ub ligase, MNa2 
was long-lived despite its Nt-acetylation; where- 
as in nat3A cells, which lacked the cognate Nt- 
acetylase, the largely unacetylated MNo2 was 
long-lived because the targeting by Doal0 
required Nt-acetylation (Fig. 2B), 

MATa2 contains yet another degradation sig- 
nal, targeted by an unknown E3 in conjunction with 
the Ubed and (to a minor extent) Ube5 E2s (25, 26). 
This degron is nearly inactive in wbe4A cells (23, 26). 
In contrast, the Doal0 Ub ligase functions with 
the Ubc6/Ube7 E2s and remains active in ube4A 
cells (22). In **S-pulse chases with C-terminally 
flag-tagged full-length MATa2,, the rapid degrada- 
tion of wild-type M“MATa2,in ube4A cells (4). = 
9 min) was substantially decreased in doal0A 
ube4A cells (t,2 = 35 min) (Fig. 2F and fig. $6, B 
and C). A Lys residue at position 2 in a polypep- 
tide chain is known to preclude Nt-acetylation in 
S. cerevisiae, and few proteins that bear N-terminal 
Gly are Nt-acetylated (5, 6). The absence of Nt- 
acetylation in M“MATa2¢ (Lys at position 2) or 
GNMATa2, (Gly at position 1) decreased the rate 
of MATa2 degradation in wild-type cells (Fig. 2F 
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Fig. 4. N“-terminal acetylases, Met-aminopeptidases, and the Doa10 branch of the N-end—rule pathway. (A) 
The Doa0-mediated branch of the S. cerevisiae N-end-rule pathway (see fig. S1C for the Ubri-mediated 
branch of this pathway). The red arrow on the left indicates the MetAP-mediated removal of N-terminal Met. 
This Met is retained if a residue at position 2 is nonpermissive (too large) for MetAPs. If the retained N-terminal 
Met or N-terminal Ala, Val, Ser, Thr, and Cys are followed by acetylation-permissive residues, the above N- 
terminal residues are usually Nt-acetylated (5-7). The resulting N-degrons are termed ““N-degrons. The term 
“secondary” refers to the necessity of modification (Nt-acetylation) of a destabilizing N-terminal residue before 
a protein can be recognized by a cognate Ub ligase (fig. S10). Proteins containing “N-degrons are targeted for 
ubiquitylation (and proteasome-mediated degradation) by the Doa10 E3 Ub ligase. Although Gly or Pro can be 
made N-terminal by MetAPs, and although Doa10 can recognize Nt-acetylated Gly and Pro (Fig. 26), few 
proteins with N-terminal Gly or Pro are Nt-acetylated (5-7). (B) The Ubr1 and Doa10 branches of the N-end— 
rule pathway. Both branches target, through different mechanisms, the N-terminal Cys residue (yellow 


rectangles), with oxidized Cys marked by an asterisk. 


and fig. $6, B and C). The extent of this decrease, 
in comparison to degradation of Nt-acetylated 
MNMATa2¢ in wild-type cells, was indistinguish- 
able from the decrease of ““MATa2, degrada- 
tion in doa/0A cells, which lacked the Doal0 Ub 
ligase (Fig. 2F and fig. $6, B to E). In addition to 
indicating that the sole degron targeted by Doal0 
in MATa? is its “°N-degron, these results were 
also in agreement with technically independent 
evidence that used the anti-“’"MATa2 to prove 
that the Nt-acetylation of MNa2 was required for 
its targeting by Doal0 (Fig, 2, A to C). 

‘<N-degrons in cellular proteins. As expected, 
given the presence of the “*N-degron in MATa2, 
both full-length MATa2;and MNa2 were strongly 
stabilized in nat3A cells, which lacked the cognate 
NatB Nt-acetylase (Fig. 2, A and B, and fig. S6, D 
and E). Besides MAT@2, our survey of S. cerevisiae 
proteins has encompassed, thus far, Tf, a regulator 
of telomeres; SIk19, a regulator of chromosome 
segregation; Ymr090w, a cytosolic protein of un- 
known function; His3, an enzyme of histidine bio- 
synthesis; Pop2, a subunit of mRNA-deadenylating 
complexes; Hsp104, a chaperone; Thol, an RNA- 
binding regulator; Ubp6, a deubiquitylating en- 
zyme; and Aro8, an aromatic aminotransferase 
(Fig. 3; fig. $2, C and D; and fig. $7) (30). 


Wild-type Tbfl, SIk19, Pop2, Hsp104, Thol, 
Ubp6, and Aro8 are known to be Nt-acetylated 
(5, 6). In contrast, the testing of His3 and Ymr090w 
stemmed from our two-dimensional electrophoretic 
analyses, including *°S-pulse chases. The resulting 
patterns contained a number: of protein spots with 
significantly higher levels of *°S in samples from 
doal0A versus wild-type cells (fig. $8). We ex- 
amined three of these spots using matrix-assisted 
laser desorptionvionization-MS fingerprinting tech- 
niques and identified His3, Ymr090w, and Aro8 
as putative substrates of Doal0 (fig. S8). The testing 
for “"N-degrons in Tbfl, SIk19, Ymr000w, His3, 
Pop2, Hsp104, Thol, Ubp6, and Aro8 (this analysis 
included second-residue mutants of some of these 
proteins) involved CHX chases in the presence or 
absence of a cognate Nt-acetylase or the Doal0 
Ub ligase. As shown in Fig. 3; fig. $2, C and D; 
and fig. S7, we identified “"N-degrons in all of 
these proteins (in addition to MATa2), except 
Pop? and Tho! [sce also (30)]. 

Discussion. Our results, summarized in Fig. 4, 
revealed the function of Nt-acetylation, producing 
the largest increase in the scope of the N-end-rule 
pathway since its discovery more than two decades 
ago (10-13). At present, only ~10 proteins in all 
eukaryotes have been identified that require, or are 


inferred to require, Nt-acetylation for their in vivo 
roles, which are unrelated to protein degradation 
[(0) and references therein]. In contrast, the crea- 
tion of degradation signals by Nt-acetylation (Fig, 
4) is relevant, in principle, to all Nt-acetylated pro- 
teins. N-terminal Met, Ala, Val, Ser, Thr, and Cys 
are shown here to function as secondary destabiliz~ 
ing residues in the N-end-rule pathway, in that 
they must be Nt-acetylated before their recognition 
by the S. cerevisiae Doal 0 Ub ligase as N-degrons, 
termed “*N-degrons, that require Nt-acetylation 
(Fig, 4), Out of 20 amino acids in the genetic code, 
18 are now known to function as destabilizing 
N-terminal residues in the N-end-rule pathway 
(Fig. 4 and fig. S1C). More than 50% of proteins 
in S. cerevisiae and more than 80% of proteins in 
human cells are Nt-acetylated (5-7). Thus, re- 
markably, the majority of eukaryotic proteins har- 
bor a specific degradation signal from the moment 
of their birth. Putative metazoan counterparts of 
the yeast Doal 0 Ub ligase (22-24) include human 
TEB4 (3/), indicating the likely relevance of our 
results to all eukaryotes. 

‘The Ntacetylation is largely cotranslational, 
apparently irreversible, and involves a majority of 
cellular proteins. What functions are subserved by 
such a massive production of degradation signals 
(/°N-degrons) in nascent proteins if many of these 
proteins are destined for long half-lives? We sug- 
gest that a major role of these degradation signals 
involves quality-control mechanisms and the regu- 
lation of protein stoichiometries in a cell. A key 
feature of such mechanisms would be condition- 
ality of “*N-degrons. Ifa nascent Nt-acetylated pro- 
tein can fold its N-terminal domain rapidly enough, 
or if this protein either interacts with a “protective” 
chaperone such as Hsp90 or becomes assembled 
into a cognate multisubunit complex, the cotrans- 
lationally created “°N-degron of this protein may 
become inaccessible to the Doal0 Ub ligase. Con- 
sequently, the degradation of this protein would be 
decreased or precluded. In contrast, delayed or 
defective folding of a protein’s N-terminal domain 
(because of oxidative, heat, or other stresses; or a 
conformation-perturbing mutation; or nonstoichio- 
metric levels of cognate protein ligands) would 
keep an “°N-degron exposed (active) and thereby 
increase the probability of the protein’s destruction. 

The discovery that Nt-acetylation is a part of 
the N-end-rule pathway (Fig, 4) has also revealed 
the physiological functions of Ntacetylases and 
Met-aminopeptidases. Nt-acetylases produce “*N- 
degrons, whereas the upstream Met-aminopeptidases 
make possible these degradation signals, all of 
them except the one mediated by Nt-acetylated 
Met (Fig. 4). Nt-acetylases and Met-aminopeptidases 
are universally present, extensively characterized, 
and essential enzymes whose physiological roles 
were largely unknown. These enzymes are now 
functionally understood components of the N- 
end-nule pathway (Fig. 4 and fig. SIC), 

Although the bulk of Nt-acetylation is cotrans- 
lational (4), posttranslational Nt-acetylation is 
likely to be extensive as well. A number of 
proteases can specifically cleave a variety of 
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The Kepler mission was designed to determine the frequency of Earth-sized planets in and near the 
habitable zone of Sun-like stars. The habitable zone is the region where planetary temperatures are 
suitable for water to exist on a planet's surface. During the first 6 weeks of observations, Kepler 
monitored 156,000 stars, and five new exoplanets with sizes between 0.37 and 1.6 Jupiter radii and 
orbital periods from 3.2 to 4.9 days were discovered. The density of the Neptune-sized Kepler-4b is 
similar to that of Neptune and G) 436b, even though the irradiation level is 800,000 times higher. 
Kepler-7b is one of the lowest-density planets (~0.17 gram per cubic centimeter) yet detected. 
Kepler-5b, -6b, and -8b confirm the existence of planets with densities lower than those predicted for 
gas giant planets. 


ince the first discoveries of planetary planets have been detected. Most of these are 
companions around pulsars (/, 2) and — giant planets, often more massive than Jupiter. 
normal stars (3), more than 400 such Many have a semimajor axis (mean star/planet 
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separation) of less than | astronomical unit (AU, 
the distance between Earth and the Sun) and/or 
high eccentricity. These surprisingly small semi- 
major axes suggest that many planets form at 
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several astronomical units from their stars before 
migrating to their current locations. The pro- 
cesses that terminate the inward migration and 
the fraction of planets that fall into their stars are 
not known. Although the inward migration of a 
giant planet is expected to remove inner, smaller 
planets by scattering them into the star or out of 
the planetary system, a second generation of 
planets might reaccrete in the wake of the 
migrating planet (4). Because it is difficult to 
predict or detect terrestrial planets, their frequency 
and distributions are unknown. 

Kepler includes a differential photometer 
with a wide (115 square degrees) field of view 
(FOV) that continuously and simultaneously mon- 
itors the brightness of approximately 150,000 
main-sequence stars, The photometer is based 
on a modified Schmidt telescope design that 
uses a corrector with a 0.95-m aperture and a 
1.4-m diameter //1 primary mirror. The aperture 
is sufficient to reduce the Poisson noise to the 
level that is required to obtain a 46 detection for 
a single transit from an Earth-sized planet pass- 
ing in front of a 12th-magnitude G2 dwarf (that 
is, a Sun-like star) with a 6.5-hour transit. The 
mission was launched on 6 March 2009 into an 
Earth-trailing orbit. Its design, characteristics, se- 
lection of target stars, on-orbit performance, data 
processing pipeline, data characteristics, and mis- 


sion operations can be found in the supporting 
online material (SOM) text, section 1, and (5—//). 

Here we describe the detection of five new 
exoplanets of varying size and orbital period 
based on the first two data segments taken at the 
start of the mission, and we provide some 
comparisons with previous detections. The first 
segment is a 9.7-day period (QO) starting on 2 
May 2009 universal time (UT) during the 
commissioning phase. The second is a 33.5-day 
period (QI) taken at the beginning of science 
operations on 13 May 2009 UT. For QO, over- 
sized apertures were used to image each star, 
because the point-spread function and geometry 
of the focal plane were not yet known precisely. 
During this period, nearly all stars brighter than 
V = 13.6 magnitude in the FOV were observed 
(52,496 in total). Analysis of these data sets also 
led to a series of astrophysical discoveries, 
including oscillations of giant stars and two 
examples of planet-sized objects that are hotter 
than the stars they orbit (/2-2/). 

The QI observations used smaller aper- 
tures, which allowed 156,097 objects to be 
observed. Targets were chosen to maximize the 
number of stars that were both bright and small 
enough to show detectable transit signals for 
small planets in and near the habitable zone 
(HZ) [SOM text 2 (//)]. 


Planets orbiting close to hot stars can reach 
temperatures in excess of 2000 K and can emit 
enough light for Kepler to detect their thermal 
radiation in the range of visible wavelengths. 
Kepler’s first observations detected thermal emis- 
sion from exoplanet HAT-P-7b (22, 23). The 
phase curve of the emission provided information 
about the planetary albedo, the depth of absorp- 
tion in the planet’s atmosphere, and the lack of 
redistribution of the energy to the night side of the 
planet. Analysis of the first data set led to the dis 
covery of ellipsoidal variations in the host star (24). 

Several planetary candidates that passed the 
tests to remove false-positive events (SOM text 3) 
were observed with radial velocity (RV) spec- 
trometers to determine their masses. (See SOM 
text 4 for the approach used to determine the 
characteristics of the planets from the observa- 
tions.) Modeling was performed to establish the 
system characteristics and uncertainties (25). 
Each target has a Kepler identification number 
(KIC no.) from the Kepler Input Catalog (KIC), 
but cach confirmed exoplanet is also assigned a 
convenient abbreviation (Kepler-number-letter) 
(Tables 1 and 2). The numbering begins with 
4b, because the designations 1b, 2b, and 3b are 
used to refer to previously known exoplanets in 
the Kepler FOV: TrES-2 (26), HAT-P-7b (22), 
and HAT-P-1 Ib (27), respectively. 


Table 1. Properties of the exoplanets detected by Kepler. The state of 
the current observations is insufficient to support claims of nonzero 
eccentricity. Therefore, parameter estimates are based on the assump- 
tion of a circular orbit. Calculations of the equilibrium temperatures 


assume a Bond albedo = 0.1 and efficient transport of heat to the night 
side. Epoch = HJD-2454900.0. Rj is the Jupiter equatorial radius. M, 
is the mass of Jupiter. Errors are + 16 and represent formal errors 
only. 


Equilibrium —Semimajor 
Identification KIC no. Period Epoch Radius Mass Density temperature axis Inclination Reference 
(days) (R) mM) (g/cm?) (kw) (aU) (degrees) 

Kepler-4b 11853905 3.213462 5661272 0.3572 0.0772 1912041 16502200 0.045582 89762117 (25) 
0.00022 0.0015 © 0.021_-—«0.012 0.00087 

Kepler-5b 8191672 3.548460 55.90122 1.4314 2114+ 0.894+0.079 18684284 0.05064+ 86.34 0.6 (30) 
0.000032 0.00021 0.048 0.064 0.00070 

Kepler-6b 10874614 3.234723 + 54.48636 + 1323+ 0.669+ 0.352+0.019 1500+ 200 0.04567+ 86.84 0.3 (29) 
0.000017 0.00014 0.026 ~— 0.027 0.00050 

Kepler-7b 5780885 4.885525 + 6727567 + 1478+ 0.433+ 0.166+0.019 1540+ 200 0.06224+ 86.5 + 0.4 (28) 
0.000039 0.00014 0.051 0.040 0.00127 

Kepler-8b 6922244 3.52254 54.1182 + 1.419 + 0.603+ 0.261+0.071 17644200 0.0483+ 84.074 0.33 (31) 
0.00004 0.0003 = 0.055.154 0.0008 


Table 2. Characteristics of the stars hosting Kepler planets. Kp is the stellar 
magnitude calculated for the Kepler band pass. The values are similar to 
those produced by an R filter (7) for most star types. Right ascension (RA) 
and declination (dec) refer to the J2000.0 equinox. For three of the stars 
(Kepler-4, -5, and -7), the model fits give two peaks in the distributions of 


the mass and radius. The values listed here are thought to be the best 
estimate (25, 28-31). log(g) values are calculated from model fit based on 
stellar density and temperature. 7.» , effective temperature. M* and R* are 
the mass and radius of the host stars, respectively. Msu, and R-sun are the 
mass and radius of the Sun, respectively. 


Identification M* (Msun) R* (Rsun) log(g) (cgs) [Fe/H] Tess (K) Kp (mag) RA, dec (hour, degree) 
Kepler-4 1.223 + 0.068 1.487 + 0.084 4.165 + 0.037 +0.17 + 0.06 5857 + 60 12.21 19.04102, 50.13575 
Kepler-5 1,374 + 0.056 1.793 + 0.053 4.067 + 0.020 +0.04 + 0.06 6297 + 60 13.4 19.96047, 44.03505 
Kepler-6 1,209 + 0.040 1,391 + 0.024 4.236 + 0.011 +0.34 + 0.06 5647 + 44 13.3 19.78915, 48.23994 
Kepler-7 1.347 + 0.080 1.843 + 0.057 4.030 + 0.018 +0.11 + 0.03 5933 + 44 12.9 19.23877, 41.08981 
Kepler-8 1.213 + 0.063 1.486 + 0.056 4.174 + 0.026 0.055 + 0.033 6213 75 13.6 18.75254, 42.45108 
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Fig. 1. Comparison of mass 1.5) 
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Fig. 3. Planet density versus mass. Kepler planets are shown as diamonds. Letter symbols represent solar 
system planets. Placement of the Kepler exoplanets on mass-radius diagrams can be found in (25, 28). Circles 
represent transiting planets listed in the Extrasolar Planet Encyclopedia. The data to the right show planet density 
‘increasing with mass. The dashed line is the prediction for planets composed only of H and He and receiving 
‘irradiation associated with a Sun-like star at a distance of 0.045 AU (34). Rocky planets similar to Earth without 
atmospheres that contribute substantially to the mass of the planet are at the left. In between are ice giants, 
which are mixtures of H/He and rocky material (36). 


REPORTS k. 


Light curves and RV curves can be found 
in SOM text 5 and (25, 28-3/), The results 
presented in the Tables 1 and 2 are based on time 
series of photometry and radial velocity data that 
can be retrieved from the Space Telescope Sci- 
ence Institute’s Multimission Archive at STSci/ 
high-level science products (MAST/HLSP) data 
archive (32). 

Kepler-4b is an exoplanet that is very similar 
in size, density, and mass to Neptune (the most 
s are 1.03 times the size, 1.09 
and 1.43 times the mass) and 
is similar in mass and radius to GJ 436b (33). A 
major difference between Kepler-4b and Nep- 
tune is that the irradiance level for Kepler-4b is 
over 800,000 times larger than that of Neptune. 
However, the large difference in irradiance levels 
appears to make little difference to the sizes of 
the planets. The result implies a difference in 
bulk composition (34), with either a higher rock- 
to-water ratio or less H/He in Kepler-4b as 
compared with Neptune (and GJ 436b). The 
latter degeneracy cannot be resolved at this time. 

The Kepler results did not find planets with 
very small values of semimajor axes (Fig. 1), 
even though such planets would have a larger 
probability of alignment than those with larger 
values. The stars associated with the Kepler 
exoplanets are generally larger than those shown 
in the Exoplanet Encyclopedia for transiting 
planets (Fig. 2). The difference could be due to 
the Malmquist bias or to the preferential 
selection of stars with sharp spectral lines for 
the Kepler follow-up; that is, slightly evolved 
Stars. 

The data add to the evidence for three planet 
populations (Fig. 3) and the separation between 
ice giants and gas giants. The scatter in the data 
might be explained by differing fractions of 
heavy elements and H/He envelopes (35, 36). 
However, it is surprising that Kepler exoplanets 
5b, 6b, 7b, and 8b, as well as many other 
transiting planets shown in Fig. 3, also lie below 
the curve for a pure H/He planet (34). The radii 
of Uranus, Neptune, GJ 436b, HAT-P-I1b, and 
Kepler-4b have been shown to lie below the 
predicted irradiated and nonirradiated radius- 
mass curves (25, 35). 
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Tuning the Dimensionality of the 
Heavy Fermion Compound Celn3 
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Condensed-matter systems that are both low-dimensional and strongly interacting often 

exhibit unusual electronic properties. Strongly correlated electrons with greatly enhanced 
effective mass are present in heavy fermion compounds, whose electronic structure is essentially 
three-dimensional. We realized experimentally a two-dimensional heavy fermion system, adjusting 
the dimensionality in a controllable fashion. Artificial superlattices of the antiferromagnetic 
heavy fermion compound Celn; and the conventional metal Laln; were grown epitaxially. By 
reducing the thickness of the Celn3 layers, the magnetic order was suppressed and the effective 
electron mass was further enhanced. Heavy fermions confined to two dimensions display striking 
deviations from the standard Fermi liquid low-temperature electronic properties, and these are 
associated with the dimensional tuning of quantum criticality. 


eavy fermion materials are metallic com- 

pounds with extremely large effective elec- 

tron masses, and they typically contain a 
rare-earth element. In these materials, the elec- 
trons populating the 4f orbitals are, at high tem- 
peratures, essentially localized with well-defined 
magnetic moments. As the temperature is low- 
ered, the localized moments are screened by con- 
duction electrons (s, p, and d orbitals), forming 
a nonmagnetic state by virtue of the Kondo ef- 
fect (/). At yet lower temperatures, the f-orbital 
electrons dressed by conduction clectron clouds. 
(Kondo clouds) become itinerant, forming a very 
narrow conduction band that is characterized 
by a heavy effective quasiparticle mass. On the 
other hand, the Ruderman-Kittel-Kasuya-Yosida 
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(RKKY) interaction, which is an intersite ex- 
change interaction between the localized f-orbital 
moments, promotes magnetic ordering. Thus, the 
ground state of these compounds is either a non- 
magnetic metal or a magnetically ordered state, 
as determined by the competition of the above 
two effects. Generally, in reduced spatial dimen- 
sions, many-body correlation effects due to the 
Coulomb interaction between clectrons become 
more relevant. Moreover, thermal and quantum 
fluctuations are significantly enhanced, extend- 
ing critical regimes with no long-range ordering 
to a wide temperature range. Therefore, many- 
body effects that are not observed in three dimen- 
sions are expected to arise in two-dimensional 
(2D) heavy fermion systems. 

Quantum critical a central research issue 
in the physics of highly correlated matter (2, 3). 
In conventional metals, interacting electrons (quasi- 
particles) are well described by Landau’s Fermi 
liquid theory. Near the quantum critical point 
(QCP), where a second-order phase transition 
occurs at zero temperature, low-lying spin fluc- 
tuations give rise to a serious modification of 


the quasiparticle mass and the scattering cross 
section of the Fermi liquid, This results in a 
strong deviation of physical properties from the 
standard Fermi liquid behavior. In heavy fermion 
metals, quantum criticality can be tuned by ex- 
temal parameters, such as doping, pressure, and 
magnetic fields (2). Fabricating superlattice het- 
erostructure provides another way to control the 
quantum criticality through “dimensional tuning”; 
however, the epitaxial growth of heavy fermion 
thin films has been challenging (4-6). 

There have been attempts to realize heavy 
fermion systems with low dimensions. One is the 
bulk crystals of Ce7Ins (where T= Rh, Co, or Ir), 
whose crystal structure yields alternating layers 
of Celn; and Tin; (7, 8). However, the largely 
corrugated Fermi surface (9), the small anisotropy 
of upper critical fields (70), and the strong de- 
viations from 2D antiferromagnetic spin fluctu- 
ations (//) all indicate that the electronic and 
magnetic properties of Ce7Ins are anisotropic 
3D rather than 2D. Another example is the bi- 
layer 2D films of *He fluid (/2), where the 
mass enhancement is observed near a QCP. 
Here the controlled parameter is the “He density 
of the second layer. However, the dimensional 
tuning from 3D to 2D heavy fermions is still 
lacking, 

The heavy fermion compound Celns appears 
to be a good candidate for addressing the key 
issues of QCP physics. Bulk cubic CeIn; exhibits 
a 3D antiferromagnetic ordering at Neel temper- 
ature Ty = 10 K (/3, /4) that is destroyed in a 
quantum phase transition accessed by applying 
pressure, Near the critical pressure of p, ~ 24 kbar, 
in the vicinity of the QCP, CeIn; undergoes a 
transition into an unconventional superconduct- 
ing state, and a remarkable deviation from the 
Fermi liquid behavior is reported (/4—/6). To 
adjust the dimensionality in a controllable way, 
we used molecular beam epitaxy to grow the 
Celn;/Laln; superlattices (Fig. 1A): m layers of 
Celn; and n layers of isomorphic Lalng were 
grown alternately, forming an (m:n) heterostruc- 
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ture, where m and n are integers. The clearly 
observed streak pattern of the reflection high- 
energy electron diffraction (RHEED) (Fig. 1B) 


indicates the epitaxial growth of each layer with 
atomic-scale flatness. The cross-sectional transmis- 
sion electron microscope (TEM) image (Fig. 1C, 
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lower panel), which shows bright spots corre- 
sponding to Ce atoms, demonstrates that the 
Celn; layers are continuous even for the m = 


Fig. 1. Superlattice heterostructure of CeIn; and 
Lain. (A) Illustration of the artificial superlattice 
(m:n) composed of m unit cell—thick layers of Celn3 
and n unit cell—thick layers of Lain3. (B) Streak 
patterns of the RHEED image during the crystal 
growth. (C) Cross-sectional TEM image of the (1:3) 
superlattice. The Ce atoms can be identified as 
brighter spots than the La and In atoms (lower left). 
The diffraction pattern of the electron beam 
incident along the [110] direction is shown (upper 
right). (D) X-ray reciprocal lattice mapping for the 
(8:4) superlattice. A satellite peak is observed 
around the fundamental (113) peak along the 
Qoo1 direction. (E) Diffraction patterns using a 
monochromatized Cu K,; x-ray (black line) 
around the (002) main peaks of (m:4) superlattices 
for m = 1, 2, 4, and 8, with typical superlattice 
thickness of 200 nm. The step-model simulations 
(red line), which neglect interface and layer- 
thickness fluctuations (25), reproduce both the 
intensities and the positions of the satellite peaks 
(solid arrows). Some higher-order peaks are below 
the experimental resolutions (dotted arrows). 
Each curve is shifted vertically for clarity. 
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Fig. 2. Temperature dependence of the resistivity in (m:4) superlattices for 
m = 1 (green), 2 (red), 3 (dark blue), 6 (light blue), and 8 (yellow). Each 
data set is normalized by its value at 10 K (A) and the maximum value Pmax 
(arrows) at low temperatures (B) to compensate for the slight differences in 
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resistivity at room temperature between the films [inset in (B)]. The data for 
the 200-nm-thick Celn; (blue square) and Laln; thin films (black square) are 
also shown. The p(7) of the Celns film coincides well with that of bulk single 
crystals. 
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I structures (17). The electron diffraction strate the realization of an epitaxial superlattice We investigated the transport properties of 
pattern with clear superspots (Fig. IC, upper structure. These indicate the successful con- the (m:4) superlattices by varying m. Because 
panel), the x-ray diffraction pattern (Fig. 1D), finement of f-orbital electrons to the 2D the RKKY interaction decays as I/r°, where r 
and the simulation results (Fig. 1E) all demon- spaces. is the distance between the interacting magnetic 
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Fig. 3. Magnetotransport of the superlattices. (A) Transverse magneto- _ is the angle between H and the c axis. The inset shows Ap(H)/p(0) for H/c 
resistance Ap(H)/p(H= 0) of the (1:4) superlattice in magnetic field H at several temperatures. (B) Temperature dependence of the Hall coeffi- 
rotated within the ac plane at 0.6 K (red) and 4.5 K (blue). The current is cient R, for the superlattices and for Celn3. Ry(7) shows a cusplike min- 
applied along the b axis. Here the c axis is perpendicular to the layers. @ imum (arrows) for m = 8, 6, and 3 as well as for Celn3. 
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Fig. 4. Temperature versus dimensionality phase diagram. (A) Ty (red circles) 
and Fermi liquid coefficient A as function of 1/m (open blue squares), For m = 2, 
the A values are determined from p(T) under magnetic fields (solid squares). 
The solid and dashed lines are guides for the eye. (B) Temperature and layer- 
thickness evolution of the exponent a derived from the expression p(7) = po + 
AT“. (C) p(T) at low temperatures for m = 2. The solid line is a best fit to the 
T-linear dependence above Ty ~ 140 mK. The upper inset displays p(T) under 
small magnetic fields applied perpendicular to the film plane. The lower inset 
is a plot of p — po versus T* at several fields. Solid lines are the fits to the T? 
dependence. 
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moments, the magnetic interaction between the 
Ce ions in different layers reduces to less than 
1% of that between the neighboring Ce ions 
within the same layer. Therefore, the interlayer 
magnetic interactions are negligible. Resistivity 
p of the superlattices at room temperature is of 
the same order as for CeIn; (Fig. 2B, inset). 
CeIn; exhibits a p(7) behavior that is typical of 
heavy fermion compounds. Below ~200 K, p(7) 
increases because of the Kondo scattering and 
shows a maximum p(7) at Teak ~50 K. At Ty = 
10K, p(7) shows a distinct cusp, below which it 
decreases rapidly as the magnetic scattering is 
suppressed. In the superlattices, the hump 
structure of p(7) at Tyeax ~ 50 K becomes less 
pronounced with decreasing m (Fig. 2A). Below 
Tyeaxs p(T) increases again with decreasing 
temperature. Such behavior is caused by the 
interplay of the Kondo interaction with the 
crystal field effect (78), whose energy scale is 
123 K in CeIn; (/9). At lower temperatures, 
p(7) shows a pronounced peak structure, as 
indicated by arrows for m= 8, 6, and 3 (Fig. 2B). 
For m=2 and 1, p(7) decreases gradually without 
exhibiting a pronounced peak below a charac- 
teristic temperature 7,4 ~ 1.6 K, which marks the 
onset of coherent electron conduction. 

The residual resistivity po of the superlattices 
is larger than that of Celn; (Fig. 2A). This is 
probably due to the inevitable scattering at the 
interfaces between the CeIn; and Laln; layers, 
where Kondo holes that were created by possible 
Ce/La disorder act as strong impurity-scattering 
centers. Residual resistivity in the 2D planes 
can be enhanced with small impurity concentra- 
tion by quantum fluctuations via enlarged ef- 
fective cross section of local impurity scattering 
(20,21). 

The observed distinct anisotropy in the mag- 
netoresistance (Fig. 3A) indicates the substan- 
tial contribution from the 2D electrons confined 
within the layers, which is in sharp contrast to 
the 3D isotropic Ce(La)In3. The negative mag- 
netoresistance (Fig. 3A, inset) is consistent with 
the view that antiferromagnetic fluctuations that 
are responsible for the scattering can be sup- 
pressed by the magnetic field. The Hall coef- 
ficient Ry(7) exhibits a cusp-like minimum in 
bulk CeIn; and superlattices for m= 8, 6, and 3 
(Fig. 3B). These cusp temperatures coincide 
with the temperatures at which p(7) exhibit 
cusps (Fig, 2B, arrows). Therefore, we surmise 
that the observed transport anomalies for m = 8, 
6, and 3 appear as a result of magnetic ordering, 
as in CeIn. The low-temperature behavior of the 
transport properties for m = 2 and 1 are es- 
sentially different from those for m > 2. For m < 
2, p(T) does not exhibit a pronounced peak, and 
Rj (7) decreases monotonically with decreasing 
temperature without showing the upturn. These 
results indicate that the magnetic order is 
suppressed when the Celn; layer thickness de- 
creases, and is vanishing near m = 2. This 
conclusion is reinforced by the results shown in 
Fig. 4A, where Ty decreases nearly linearly with 
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I/m and goes to zero in the vicinity of m = 2. 
Therefore, it is natural to conclude that the en- 
hanced antiferromagnetic fluctuations associated 
with two-dimensionality are responsible for de- 
stroying the magnetic order. 

The vanishing magnetic order implies that 
a quantum phase transition occurs close to m = 
2. Close to a QCP, the resistivity strongly 
deviates from the Fermi liquid behavior p(7) = 
Po + AT, with a = 2, where A is the Fermi 
liquid coefficient. In Fig. 4B, the exponent a 
is mapped in the T versus 1/m diagram. The 
T?-dependence is observed at low temper- 
atures for m > 2. In contrast, for m = 2, a 
marked deviation from such behavior is ob- 
served (Fig. 4C): A 7-linear dependence with 
a= 1.01 + 0.02 is seen below 0.5 Tuoy, Which 
corresponds to the Fermi temperature of heavy 
fermions. At even lower temperatures. below 
~140 mK, p(7) shows a faster-than-linear de- 
crease, which is suppressed by small magnetic 
fields (Fig. 4C, upper inset). We conclude that 
for m= 2, the lowered dimensionality suppresses 
the magnetic order down to Ty ~ 140 mK, 
which can be further suppressed by a small 
field (/7). The 7-linear behavior is consistent 
with scattering by the 2D antiferromagnetic 
fluctuations (22) that are enhanced by the QCP. 
This is in contrast to the 3D case, where a = 1.5 is 
expected (22), and indeed a ~ 1.6 is observed 
near the pressure-induced QCP in the bulk CeIn; 
(14, 15). 

Even for m > 2, where T* behavior is ob- 
served, the initial slope of p — po as Tapproaches 0 
K becomes larger with decreasing m, and 4 is 
enhanced toward m = 2 (Fig. 4A). Because 4 is 
related to the Sommerfeld coefficient of specific 
heat y as A= agy”, with ao close to the universal 
value of 10° 1Q-cm (K-mol/mJ)? (74, 2/), the 
large A immediately indicates the enhanced quasi- 
particle mass. At temperatures below ~I K, the 
resistivity of Laln; is much smaller than that of 
superlattices, and its temperature dependence is 
negligible. Thus the observed large A values in- 
dicate that the temperature-dependent part of the 
resistivity is governed by the 2D heavy fermion 
layers. In fact, the y value estimated from A is 
enhanced from the bulk Celn; value of ~120 
mK? mol) and reaches ~350 mJ/(K> mol) for 
m= 3, which corresponds to a quasiparticle mass 
at least several hundred times larger than the 
free electron mass. Because the 7-linear behavior 
observed for m = 2 suggests further enhancement 
of A, it is tempting to associate this result with 
diverging quasiparticle mass because of the quan- 
tum fluctuations enhanced upon approaching a 
QCP. For m = 1, the determination of A is am- 
biguous because of the weak temperature depen- 
dence of p. The diverging behavior of y near a 
QCP is also reported in bilayer films of He sys- 
tems (/2). 

Quantum criticality is reported to be strong- 
ly modified by magnetic fields in strongly 
correlated electron systems (2, 9, 23, 24). The 
quantum criticality for m = 2 is removed by 
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strong magnetic fields, and the Fermi-liquid 
properties with a = 2 are recovered (Fig. 4C, 
lower inset). Simultaneously, the A value is 
quickly suppressed with increasing magnetic 
field 17 (Fig. 4A). Thus, both temperature and 
field dependencies of the transport properties 
provide strong support for the presence of the 
quantum phase transition in the vicinity of m = 
2, which is tuned by the dimensionality pa- 
rameter. The successful growth of epitaxial Ce- 
based superlattices promises to provide a setting 
in which to explore the fundamental physics of 
strongly correlated electron systems such as the 
2D Kondo lattice and, potentially, 2D super- 
conductivity near a QCP. 
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The Silicate-Mediated Formose 
Reaction: Bottom-Up Synthesis 


of Sugar Silicates 


Joseph B. Lambert,* Senthil A. Gurusamy-Thangavelu,t Kuangbiao Mat 


Understanding the mechanism of sugar formation and stabilization is important for constraining 
theories on the abiotic origin of complex biomolecules. Although previous studies have produced 
sugars from small molecules through the formose and related reactions, the product mixtures are 
complex and unstable. We have demonstrated that simple two- and three-carbon molecules 
(glycolaldehyde and glyceraldehyde), in the presence of aqueous sodium silicate, spontaneously 
form silicate complexes of four- and six-carbon sugars, respectively. Silicate selects for sugars with 
a specific stereochemistry and sequesters them from rapid decomposition. Given the abundance of 
silicate minerals, these observations suggest that formose-like reactions may provide a feasible 
pathway for the abiotic formation of biologically important sugars, such as ribose. 


try, including energy processing (e.g., 

glycogen and starch), structure (e.g., cellu- 
lose and cell walls), and genetics (e.g., DNA and 
RNA). The synthesis of sugars in a prebiotic 
world therefore plays a key role in any theory of 
the origin of life. The formose reaction (/, 2) is 
a possible process whereby sugars form abiot- 
ically (3, 4). This reaction converts formaldehyde 
(HCHO; C1) to a variety of sugars, in the pres- 
ence of strong bases (5), organic bases (6), or 
minerals (7~//). The generally accepted mech- 
anism (fig. S1) (/2) involves conversion of form- 
aldehyde to higher sugars, with autocatalysis by 
glycolaldehyde [(CHO)CH,OH; C2] (/3, 14). 
‘Aldol reactions then sequentially produce glyc- 
eraldehyde [(CHO)CH(OH)CH3OH; C3] and 
higher sugars. 

Despite the effectiveness of an autocatalytic 
reaction, the current prebiotic formose model has 
limitations (7, 15, 16). Most notably, the reaction 
generates a plethora of unstable sugars, of which 
the key sugar, ribose, is present in a very small 
proportion (/7-/9). Although the problem of 
sugar instability is unresolved, some molecules, 
such as borates, phosphates, and cyanamide, 
select for th thesis of certain sugars (20-24). 
All these reactions require alkaline conditions 
such as those found naturally in hydrothermal 
vents, in some lakes, and at the surfaces of 
aluminosilicate minerals (25-27). An additional 
drawback is that the products from the formose 
mechanism (/3) are racemic, whereas sugars 
under terrestrial biological conditions are homo- 
chiral. Recent results suggest that the alumino- 
silicate environment of certain clays (28, 29) may 
provide this chirality. 

C5 and C6 sugars react with aqueous sodium 
silicate to form stable complexes (30-32). 


S= are essential elements of biochem- 
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Silicate minerals constitute the major component 
of Earth’s crust and mantle, as well as those of the 
moon, asteroids, and other rocky planets. Amor- 
phous silica is readily soluble in aqueous solution 
at pH 9, and its solubility rises appreciably at 
higher alkalinity (33). Here, we report simple 
reactions under these same conditions at room 
temperature with only Cl, C2, or C3 as the 
reactants (/2). Formaldehyde by itself does not 
oligomerize readily when placed in sodium 
silicate solution, as it does not possess an alpha 
hydrogen required to initiate the base-catalyzed 
reaction (4, 13, 14). Glycolaldehyde at room 
temperature is in equilibrium with its hydrate 
[HOCH,CH(OH),] and several dioxane dimers 
(34). Within 20 min after exposure to aqueous 
sodium silicate, new peaks in the °C nuclear 
magnetic resonance (NMR) spectrum replaced 
all former peaks except those from the hydrate 
(fig. $2). The ?°Si spectrum recorded after 30 
min contained several peaks in the region 8-102 
to 8-100, indicative of negatively charged silicon 
in its pentacoordinated form (fig. $3) (/2). After 


Fig. 1. (A) The pre A ow 

ferred structures of ery- 

throse and threose for uy Li) 
reaction with sodium H A 
silicate, in which the 1- 

and 2-hydroxy groups are OH 
is. (B) The bottom-up syn- 
thesis of threose from 
glycolaldehyde. In the 
presence of sodium sili- 
cate, the aldol dimer is 
sequestered as its 2:1 sil- 
‘icate complex. Hydrolysis 
liberates the free sugar. 1. 


CH,OH 


Na,SiO, 


a-Deerythrofuranose 


conversion of the sugar silicate products of C2 
by hydrolysis to the free sugars (no longer com- 
plexed with silicate), the "°C spectrum was com- 
posed almost entirely of peaks attributable to the 
C4 sugars erythrose and threose (Fig. 1A), in the 
approximate ratio of 75/25 (fig. $4). These are 
the expected products of a simple aldol reaction 
between two moles of glycolaldehyde (Fig. 1B). 
The simplicity of the product mixture contrasts 
with past formose results (17-19, 

Previous work indicated that sugar 
with some exceptions, exist as 2:1 sugai 
complexes and can form only when the sugar 
exists as the furanose (five-membered) form with 
an unsubstituted anomeric hydroxy group cis to a 
hydroxy group on the adjacent carbon (24, 3/, 32). 
The C4 sugars do not have enough carbons to 
form pyranose (six-membered) rings and are the 
smallest sugars that can form. furanose rings. 
Thus, Cl, C2, and C3 sugars cannot form silicate 
complexes because four carbons are required to 
close the ring. As a result, C2 dimerizes to C4, 
which sodium silicate sequesters as the silicate 
complex. Three stereoisomers are possible for 
these 2:1 complexes, in which both sugar rings 
are syn to the uncomplexed hydroxy group (Fig. 
1B), both are anti, or one is syn while the other is 
anti. Multiple tetrose silicate stereoisomers, plus 
the possibility of regioisomers and some hexose 
silicates, supply the observed multiplicity of °Si 
resonances (fig. $3). 

Electrospray ionization (EST) mass spectra of 
the silicate complexes confirmed these results. 
Afier 30 min, only 2:1 sugar-silicate complexes 
were present, primarily C4 with some C6 (Fig. 2A). 
Afier 12 hours, C6 complexes were the primary 
product, with some C4 and C8 (Fig. 2B). 
Products lacking the ability to form silicate 
complexes, such as the anomers (CI  stereo- 
isomers) of the structures in Fig. 1A, can 
isomerize to complex-forming products or can 
oligomerize further. The reaction also was carried 
out under the normal formose conditions of 


OH 
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aqueous NaOH (3, 5), at the same pH but without 
sodium silicate. Even after 30 min, the C4 
products constitute less than half the total (Fig. 
2C), and, after 12 hours, a preponderance of 
higher oligomers and nonsugars indicates an 
almost fully decomposed product set (Fig. 2D). 
Thus silicate provides selection and stabilization 
of the sugars formed, compared with solutions 
containing only hydroxide as base. 

The same experiments with glyceraldehyde 
(C3) produced even simpler and stabler product 
mixtures, The NMR spectrum of C3 in neutral 
water indicates a mixture of its many forms, 


including the aldehyde, the hydrate, dimer 
dioxolanes, and dimer dioxanes (36). Reaction 
with sodium silicate at room temperature imme- 
diately replaces almost all carbon peaks (fig. S5). 
The observation of several 7°Si peaks in the 
region 5-102 to 6-100 confirms the pentacoordi- 
nated nature of the sugar silicates (fig. S6). The 
aldol reactions of glyceraldehyde and its keto 
isomer give branched aldohexoses and straight- 
chain ketohexoses (fig. $7). The '°C chemical 
shifts are consistent with ketohexose products 
such as sorbose and tagatose (37), but assign- 
ments are not yet certain. The ESI mass spectrum 


Fig. 2. (A) The nega- 
tive ion ESI mass spec- 
trum of the sugar silicate» 
products of the reaction 
of glycolaldehyde with 


Ay 


IHOSKCae 
HOSICe,Cs) 


HOSi(C@2 


aqueous sodium silicate 
after 30 min at room 
‘temperature. The symbol 
HOSi(C4), identifies the 
mass of any 2:1 sugar- 
silicate complex contain- 
‘ing two C4 sugars. (B) 
The same spectrum after 
12 hours. (C) ES! mass 
spectrum of the free 


HOSKC7)2 
HOSI(Cs,Ce) 


sugar products of the re- 
action of glycolaldehyde 
with aqueous sodium 
hydroxide after 30 min 
at room temperature 
(classic formose condi- 
tions). Carbon numbers 
(e.g., C4 for all tetroses) 


identify specific sugar structures. (D) The same spectrum after 12 hours. 


Fig. 3. (A and B) The 
negative ion ESI mass 
spectra of the sugar sili- 
cate products of the re- 
action of glyceraldehyde 
with aqueous sodium sil- 


A ty 


HOSi(Ceye 


icate after 30 min and 
after 12 hours at room 
temperature. (C and D) 
ESI mass spectra of the 
free sugar products of the 
reaction of glyceraldehyde 
with aqueous sodium hy- 
droxide after 30 min and 
after 12 hours at room 
‘temperature, 
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after 12 hours was almost unchanged from that 
after 30 min (Fig. 3, A and B). In contrast, the 
ESI mass spectrum of the products of reaction of 
C3 under classic formose conditions (aqueous 
sodium hydroxide without silicate) indicates 
rapid decomposition to nonsugars after 12 hours 
(Fig. 3, C and D). 

We also studied the solutions in which two 
different, small sugars reacted in basic conditions 
in the presence of silicate (/2). Reaction of an 
equimolar mixture of formaldehyde and glycer- 
aldehyde (C1+C3) in the presence of sodium 
silicate produced primarily C4 products, resem- 
bling those from C2 alone. Not surprisingly on 
steric grounds, the anion of glyceraldehyde reacts 
more rapidly with formaldehyde to form C4 
products than with another glyceraldehyde mol- 
ecule to form C6 isomers (fig. $8). Reaction of an 
equimolar mixture of glycolaldehyde and glyc- 
eraldehyde (C2+C3) under the same conditions 
yielded a complex mixture of sugar silicates 
containing 30 to 40% pentoses (the single largest 
component), with smaller amounts of tetroses, 
hexoses, and higher sugars. The ratios remain 
nearly constant from 30 min to 12 hours (fig. $9). 
The reaction mixture decomposes rapidly under 
classic formose conditions, in the absence of 
silicate (fig. S10). The aldol reaction of the 
enolate of glycolaldehyde with glyceraldehyde 
can give all four of the straight-chain aldopen- 
toses directly (fig. $11). Reaction in the opposite 
sense gives branched aldopentoses (fig. $12). 
Isomerization of glyceraldehyde to its ketose 
isomer (dihydroxyacetone) and reaction with 
glycolaldehyde can give the straight-chain keto- 
pentoses ribulose and xylulose (fig. $13). Indi- 
vidual hexose structures remain unidentified. 

Because formaldehyde, glycolaldchyde, and 
glyceraldehyde (C1 to C3) have too few carbon 
atoms to complex with sodium silicate, they 
oligomerize through base-catalyzed reactions to 
C4 to C6 sugars, and the first-formed sugar with 
the appropriate stereochemistry reacts immedi- 
ately with silicate at room temperature. This 
bottom-up synthesis of sugar silicates is a 
plausible prebiotic process. In contrast, C5 and 
C6 sugars form silicate complexes directly, in a 
top-down synthesis, and consequently resist 
base-catalyzed reactions under the same 
conditions. Furthermore, the C5 and C6 sugar 
silicates formed in the bottom-up synthesis 
oligomerize very slowly (Fig. 3, A and B, and 
fig. $9), the C4 products somewhat faster (Fig. 2, 
A and B). In the absence of sodium silicate, the 
uncomplexed higher sugars decompose rapidly 
under alkaline conditions (Fig. 2, C and D, Fig. 3, 
C and D, and fig. $10). Only certain structures 
are selected because of stereo control of silicate 
formation. Moreover, silicate mediation amelio- 
rates one of the primary impediments to a 
possible role of the formose reaction in pre- 
biotic sugar synthesis: product instability. The 
rationale is similar to that proposed for a borate- 
mediated formose reaction (23), with the ad- 
vantage here of the much wider availability of 
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silicate minerals and hence readily available 
silicate ions. 
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Asymmetric Cooperative Catalysis of 
Strong Bronsted Acid—Promoted 
Reactions Using Chiral Ureas 


Hao Xu, Stephan J. Zuend, Matthew G. Woll, Ye Tao, Eric N. Jacobsen* 


Cationic organic intermediates participate in a wide variety of useful synthetic transformations, 
but their high reactivity can render selectivity in competing pathways difficult to control. Here, we 
describe a strategy for inducing enantioselectivity in reactions of protio-iminium ions, wherein a 
chiral catalyst interacts with the highly reactive intermediate through a network of noncovalent 
interactions, This interaction leads to an attenuation of the reactivity of the iminium ion and allows 
high enantioselectivity in cycloadditions with electron-rich alkenes (the Povarov reaction). 

A detailed experimental and computational analysis of this catalyst system has revealed the precise 
nature of the catalyst-substrate interactions and the likely basis for enantioinduction. 


he proton (H") is the simplest, and ar- 

| guably the most versatile, catalyst for 
organic reactions, mediating an extraor- 
dinary range of biological and synthetic trans- 
formations (/), Although a proton cannot be 
rendered chiral, enantioselective Bronsted acid 
catalysis is attainable through the influence of 
the acid’s conjugate base and through medium 
effects. The former strategy, involving the use of 
chiral acids, has proven particularly useful, as 
demonstrated in the design and application of 
chiral phosphoric acids (2-4), N-triflyl phos- 
phoramides (5), aryl sulfonic acids (6), and 
Lewis acid- (7, 8) or thiourea-assisted Bronsted 
acids (9, /0). The use of medium effects has been 
less straightforward, and chiral solvents have been 
investigated in asymmetric catalysis with com- 
paratively limited success (//). The recent dis 
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covery of anion-binding pathways (/2, /3) in 
reactions catalyzed by chiral, small-molecule, 
H-bond donor catalysts such as urea and thiourea 
derivatives (/4) suggests an alternative strategy 
that combines elements of both approaches. In 
this scenario, a chiral catalyst might associate 
with a protonated substrate through the counter- 
anion and induce enantioselectivity in nucleo- 
philic addition reactions to the cationic electrophile 
through specific secondary interactions with the 
charged species. 

This idea was explored in the context of the 
formal [4+2] cycloaddition of N-aryl imines and 
electron-rich olefins, also known as the Povarov 
reaction (/5). This Bronsted acid-catalyzed re- 
action affords tetrahydroquinoline derivatives 
with the concomitant generation of up to three 
contiguous stereogenic centers, and enantiose- 
lective Lewis acid— or phosphoric acid-catalyzed 
variants have been identified recently (/6-/8). 
The acid-catalyzed Povarov reaction between 
benzylidene aniline 2a and 2,3-dihydrofuran 3 
was selected as a model reaction (Fig. 1A), and 
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a broad range of chiral urea and thiourea deriv- 
atives that were developed and studied previously 
in our laboratory, as well as several different 
Bronsted acids, were evaluated as catalysts for 
this transformation (table $1) (79). With this ap- 
proach, we found that the combination of the 
bifunctional sulfinamido urea derivative 1a (20) 
and ortho-nitrobenzenesulfonic acid (NBSA) 
catalyzed the model reaction with high enantio- 
selectivity (Fig. 1, B and C, entry 1), The im- 
portance of both the urea and sulfinamide groups 
in the catalyst became evident in structure- 
reactivity/enantioselectivity studies. Thiourea de- 
rivative 1b is an efficient catalyst, but it induced 
lower enantio- and diastereosclectivity (Fig. 1C, 
entry 2), whereas the diastereoisomeric (R,R,S)- 
sulfinamido urea 1e promoted a much slower 
and poorly selective reaction (Fig. 1C, entry 3). 
In addition, reactions catalyzed by phosphinic 
amide urea 1d displayed a modest selectivity, 
and pivalamide urea 1e and amino urea If both 
induced low reactivity and selectivity (Fig. 1C, 
entries 4 to 6). These results suggest a coopera- 
tive role for the urea and sulfinamide groups of 
Ja in the rate- and enantioselectivity-determining 
steps of the catalytic reaction, 

Under optimized conditions, the Povarov re- 
action that is catalyzed by 1a was found to be 
applicable to different nucleophiles and a wide 
variety of N-aryl imines (Fig. 2, A and B), The 
highest enantioselectivities were observed in re- 
actions that were carried out under cryogenic 
conditions with a 2:1 ratio of la to NBSA, which 
was used to ensure complete suppression of the 
racemic pathway catalyzed by NBSA alone. 
Lactam-substituted tetrahydroquinoline deriva- 
tives 6ex9 Were obtained in high enantio- and 
diastereoselectivities by reaction of benzaldimines 
2 with vinyllactam 5. Tricyclic hexahydropyrrolo- 
[3.2-c]quinoline derivatives 8.) Were generated 
in an analogous manner by the cyclization of 
N-Cbz-protected 2,3-dihydropyrrole 7 with 2. 
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Fig. 1. (A) Model Povarov A iieetisi c 
reaction cocatalyzed by o- 1@) por 
nitrobenzenesulfonic acid ss 
and chiral ureasthioureas, aes, CQ. or en OP es OD ee 
(B) Some of the chiral cat- PP Pr 0 
alysts evaluated in optimi- toluene, 48h, 4°C 1 tf & 40 oF 
ee ince ky = * aad - 1b 95 14 83 
enantioselectivity studies, 5 oF» OF; OF; | 1c 62 03 2 
dr, diastereomeric ratio;. oO x O ° 9° 4 1 20 10 50 
Bath dr and ce were de A i O Ohi O 
termined. by supercritical ae a rig & = © - Ss 
fluid chromatography anal- e ¢ Ro 6 " ° ‘ND ND 
ysis using commercially tBu tc +Bu 1d: R= P(O)Phy 
available chiral columns SRC erEe 
(19), 
° AY quinoline structure of a variety of important, 
A An on biologically active compounds (2/-23), includ- 
2 5 “| 72.42% yet ing martinelline Ww Fi. 20) a ner te 
ae 2. curring nonpeptide natural product that has been 
el fp secon ‘@) es Ws acniay identified as a bradykinin B] and B2 receptor 
Gauek OAM y antagonist (24), The enantioselective catalytic 
Z Hi 48-96 h, ioe Povarov method provides an efficient enantiose- 
YQ! 60 °C to-30 °C HN’ As Tea yell lective route to a Lamy nici and its males 
2 “ oe (25), thereby solving a longstanding synthetic 
Cre QO RSet challenge. 
7 a The cooperative activity of an acid and a 
ie Hy BCG Sy Si hes HAL Mi na a Ss chiral organic molecule may represent a general 
Z=H,4-CO;Me, 4-Cl, 4-Br, 3,5-Mep, 4-Me strategy for asymmetric catalysis (9, 0), and we 
thus undertook a detailed experimental and com- 
B z Zz putational study to elucidate the mechanism of 
er 1a (4 mol %) catalysis in the Povarov reaction and the basis for 
in, SSeS. HN the high levels of stercoselectivity induced by 1a. 
Jk jomene,sAms, ©0:0° “hie Similar enantioselectivities were achieved with a 
Et0,0° “H 15h, 60°C. a variety of sulfonic acids under homogeneous 
jatatd Pe a conditions, and we selected the la/HOTS cocata- 
9b (2 = CO.Me) Job. 70% plokd, 95% ee lyzed reaction between 2a and 3 as a model for 
mechanistic analysis (HOTY, trflic acid, HO,SCF5). 
Me The reaction between 2a (0.2 to 0.8 M) and 3 (0.4 
c he N, to 1.6M) promoted by catalytic quantities of HOTE 
ay UNS * (0.2 to 2.0 mM) alone in toluene was monitored 
Hn Ne by reaction calorimetry and 'H nuclear magnetic 
YT, a Hoy resonance (NMR) spectroscopy (table $4). Ki- 
eines iliac, ciel netic analysis of reactions carried out at 28°C 
1" NH Me revealed a first-order dependence on [3] and 


Fig. 2. (A and B) Asymmetric Povarov reactions catalyzed by 1a/NBSA with enamide 5 and 
enecarbamate 7 as the nucleophilic reacting partners. Molecular sieves (5 A) serve to sequester water 
introduced with the hygroscopic NBSA reagent, thereby preventing competing imine hydrolysis pathways. 
See tables $2 and $3 for yields and selectivities obtained with each substrate. (C) Martinelline (11), a 
natural-product inhibitor of bradykinin B1 and B2 G protein-coupled receptors (median inhibitory 
concentration ICso = 6.4 and 0.25 1M, respectively). A previous study demonstrated that a racemic form 
of ester 10b could be converted to (+)11 after epimerization of the corresponding aldehyde, so the 


enantioselective synthesis of 10b described here 
martinelline (25). 


Although moderate diastereoselectivities favor- 
ing the exo diastereomer were obtained in this 
case (Bexa/Benao = 1-4 to 4.2:1), this product was 
also generated in high enantiomeric excess (ce) 
(90 to 98% ee) and could be isolated in 
diastereomerically pure form in useful yields 
(45 to 73%). In general, imines derived from 
electron-deficient aldehydes—especially imines 
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constitutes a formal enantioselective synthesis of 


derived from glyoxylate esters—underwent reac- 
tion more rapidly in the Povarov reaction, but 
uniformly high enantioselectivities were obtained 
despite these reactivity differences. 

Povarov reactions between glyoxylate imines 
9a or 9b with 2,3-dihydropyrrole 7 provide the 
endo products in high enantioselectivity. This 
represents a direct route to the core tetrahydro- 


[HOTT], and a zeroth-order dependence on imine 
[2a] (Eq. 1). These data indicate that imine 2a 
undergoes quantitative protonation by HOTS 
under the reaction conditions, and that protio- 
iminium triflate 2aeHOTTE represents the resting 
state of the achiral acid catalyst under the reaction 
conditions. 


Rate = d(4]/de 

= Keae{imine|"(3]'|HOTE|!, (1) 
Here, £ is time and kya is the second-order rate 
constant for the nonenantioselective cyclo- 
addition of 2a*HOTE and 3. 

Consistent with this conclusion, the reaction 
of imine 2a with one equivalent of HOTE re- 
sulted in the quantitative formation of protio- 
iminium tiflate 2a‘ HOT as a moisture-sensitive 
salt that is sparingly soluble in nonpolar solvents 
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(-2.0 mM in CD,). The solubility of 2aeHOTE 
increases by a factor of 4 in the presence of 
achiral urea 12 through the formation of the 1:1 
complex (Fig. 3A). 'H NMR chemical shifts of 
the formyl proton are sensitive probes of charge 
separation in iminium ions (26). We observed 
that the 1:1 complex of 2aeHOTE with achiral 
urea 12 exhibits a 0.14 parts per million (ppm) 


' 
E=+ 0.4 kcal/mol 


up-field shift of the 'H NMR resonance of the 
formyl proton of 2aeHOTE, consistent with 
increased charge separation. These observations 
can be attributed to a hydrogen-bonding inter- 
action between 12 and the tiflate anion of 
2aeHOTE that leads to both solubilization and 
greater charge separation between the iminium 
ion and the triflate anion. 


Markedly different effects are observed when 
2a+HOTT is treated with solutions of bifunctional 
sulfinamidourea 1a, which increases the solubil- 
ity of 2aXHOTE by more than one order of mag- 
nitude; however, dissolution is accompanied by a 
0.92-ppm down-field shift of the '1 NMR 
resonance of the formyl proton of 2aeHOTE, 
which is consistent with a less-charge-separated 


Formy! 'H NMR 


complex shift (ppm) 
2a+HOTE 7.99 
2a+ HOTS +12 7.85 
2a*HOTf*1a 8.91 


0.0 +0.4 +14 
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Fig. 3. (A) Formation of a complex between urea 12 and iminium sulfonate 
2eHOTE. 'H NMR chemical shifts of the formyl proton of 2a as free and urea-bound 
salts. (B) Geometry and energy-minimized structures of 2a*HOTf1a calculated at 
the B3LYP/6-31G(d) level of density functional theory. Ar = 3,5-(CF3),CcHs. 
Selected bond distances are shown in angstroms. (C) Kinetic parameters of racemic 
and enantioselective Povarov reaction of 2a and 3 cocatalyzed by 1a and HOTE. (D) 


988 


Plot of initial rate of the Povarov reaction versus [1a] at three different 
concentrations of HOTf. [2a] = 0.2 or 0.4 M, [3] = 1.6 M. The black curves 
represent least-squares fits to the rate law derived from the kinetic scheme depicted 
in (O. (E) Plot of ee of 4a... versus [a] at three different concentrations of HOTF. 
(F) Plot of initial rate of the racemic Povarov reaction cocatalyzed by achiral urea 
12 and HOTE versus [12] with HOTF = 0.80 mM, [2a] = 0.2 M, [3] = 1.6 M. 
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iminium ion. Computational analysis (27) of the 
ternary 2a‘ HOT fla complex suggests the basis 
for the observed effect. Four energetic minima of 
comparable stability were identified (Fig. 3B), 
with the La-triflate complex acting as a dual H- 
bond acceptor through the triflate and sulfina- 
mide groups, and the iminium ion acting as a 
dual H-bond donor through the iminium nitrogen 
and formyl protons (28). 

The additional stabilizing interactions involv- 
ing the catalyst-sulfinamide group and iminium 
ion formyl proton group have a pronounced 
effect on the rate of the Povarov reaction. Kinetic 
analy: f the reaction between 2a and 3 that 
was cocatalyzed by HOTE and chiral sulfinami- 
dourea 1a under homogeneous conditions re- 
vealed that 1a induces a substantial decrease in 
reaction rate (Fig. 3D). In contrast, the simple 
achiral urea 12 has a slight accelerating effect 
(Fig. 3F). In the presence of 1a, the reaction rate 
can be expressed by a two-term rate law in which 
the pathway catalyzed by HOTS alone dominates 
at low [1a], and a HOTS/1a cocatalyzed pathway 
dominates at high [1a] (Eq. 2). A binding con- 
stant of K = 9000 + 2000 M * for the interaction 
between 1a and 2aeHOTE can be determined 
from the kinetic data (Fig. 3D and fig. S11). This 
relatively high value stands in sharp contrast to 
the much weaker binding between chiral H-bond 
donors and neutral substrates (29, 30), but is con- 


Fig. 4. (A) Possible 
mechanisms and rate- 
limiting steps in the 
asymmetric Povarov re- 
action. Z, an electron- 
donating or withdrawing 
substituent. (B) Kinetic 
isotope-effect experiments 
to distinguish between 
different possible rate- 
limiting steps. (C) Geome- 
‘try and energy-minimized 
lowest-energy transition 
structure for cycloaddi- 
tion calculated at the 
B3LYP/6-31G(d) level of 
density functional theory. 
Selected bond distances 
are shown in angstroms. 
Ar, 3,5-(CF3)2CoH3. (D) 
Alternate view of the 
structure in (C) highlight- 
jing the stabilizing xx 
‘interaction between the 
aryl groups of the catalyst 
and the imimium ion un- 
dergoing cycloaddition. 
(E) Analogous view of 
the transition structure 
leading to the minor en- 
antiomer of product. This 
transition structure lacks 
stabilizing mm interac- 


2+HOTH+1a 


“oe 


tai 


CF3SO3H (5 mol %), 
toluene, -55 °C 


sistent with binding constants determined be- 

tween tetraalkylammonium salts and ureas and 

thioureas (37, 
Rate = d[4]/dt 

= ke [imineeHOTE][3] + 


Kesymn[imineeHOTf+1a}(3] (2) 
Here, Kasym is the second-order rate constant 
for the enantioselective cycloaddition between 
2aeHOTfela and 3. 

The observation of tight binding between 
protio-iminium triflate 2a* HOTT and sulfinamido 
urea 1a serves to explain how high enantioselec- 
tivity is obtained during the formation of 4a, even 
under conditions where the HOTf-catalyzed race- 
mic pathway is several times more rapid than the 
enantioselective pathway (Fig. 3, C and E). The 
equilibrium constant for complex formation is suf= 
ficiently high that virtually no free iminium ion 
exists, and the reaction is thus channeled through 
the asymmetric pathway. The enantioselectivity in 
the formation of 4agqy is increased further to syn- 
thetically useful levels by carrying out the reaction 
at lower temperatures (that is, 55°C, 97% ee). 

To glean insight into the basis for stereo- 
induction in the Povarov reaction by sulfina- 
midourea catalyst la, we carried out a full 
experimental and computational analysis of the 


© 


mol %), Pr 


Kuk = 0.92 0.03 


mr 
interaction, 


tas 
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mechanism of addition of dihydrofuran 3 to the 
protioiminium sulfate 2+HOTfela. In principle, 
any of several elementary steps in this process 
may represent the rate- and enantioselectivity- 
determining event (Fig. 4A, steps a to d). The 
absence of a primary kinetic isotope effect on the 
ortho hydrogens of the aniline group of 2 in- 
dicates that rearomatization (step d) is kinetically 
rapid (Fig. 4B). A positive Hammett correlation 
was obtained in the analysis of the effect of 
anilino substituents on the rate of reaction (p = 
+1.96 + 0.06, fig. $17). This result indicates that 
either the first step of a stepwise process (step a) 
ora concerted cycloaddition (step c) may be rate- 
limiting, but it is inconsistent with the cyclization 
step of a stepwise process (step b) representing 
the slow step. Definitive distinction between 
steps a and c is more challenging (33), but the 
kinetic isotope effect data suggest that partial 
rehybridization of the ortho-carbon of the aniline 
occurs in the rate-limiting step (34), and this is 
indicative of a concerted, albeit highly asyn- 
chronous [4+2] cycloaddition. This conclusion 
was supported by a computational analysis of the 
reaction leading to 4,.,, which predicts that the 
lowest-energy pathway involves an endothermic 
cycloaddition and a comparatively rapid depro- 
tonation/rearomatization step (fig. $19). 

The catalyst-bound iminium ions depicted in 
Fig. 3B each have one x face exposed to solvent 


Hy HIN’ 


_ 


H . 
re-aromatization Ar 


ar” ‘ 


+ CF)SO3H + fa 


tions and is disfavored relative to the structure in (D) by 1.3 kcal/mol in calculations using the B3LYP/6-31G(d) method, and by 3.6 to 3.9 kcal/mol using MO5- 
2X/6-31+G(d,p) or MP2/6-31G(d) single-point calculations. See table S17 for further details. 
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and the other 1 face shielded by the catalyst, and 
are all expected to be energetically accessible 
under the reaction conditions. Computational 
analyses using either density functional theory 
or ab initio methods (Fig. 4, C to E) predict that 
the enantioselectivity-determining cycloaddition 
occurs preferentially with complex I, leading to 
the experimentally observed (R)-enantiomer 
of product 4a». The lowest-energy cyclo- 
addition transition structure displays iminium 
N-HOsuitinamide and formyl CoH-Osuironate 
hydrogen bonds (Fig. 4C), and is predicted to 
have >1,3-kcal/mol lower energy than alterna- 
tives arising from complexes IT to TV, which 
is consistent with the experimental data. The 
basis for cnantioselectivity may be ascribed 
to a stabilizing mz interaction between the 
(CF3)2-CsH3N component of the catalyst and 
the cationic aniline moiety of the substrate. This 
interaction is evident in transition structures 
leading to the major enantiomer of 4agxo (Fig. 
4D), but it is absent in transition structures 
leading to the minor enantiomer (Fig. 4E). 
Enantioselective catalysis by 1a of a strong 
Bronsted acid-catalyzed Povarov reaction thus 
involves tight binding to a highly reactive cationic 
intermediate through multiple, specific H-bonding 
interactions, and these noncovalent interac- 
tions are maintained in the subsequent stereo- 
determining cycloaddition event. One of the four 
energetically accessible ground-state complexes 
undergoes reaction with the nucleophile prefer 
entially, illustrating the ability of bifunctional 
catalyst 1a to control precisely the outcome of 
this reaction through noncovalent interactions 


alone. Given the known ability of urea and 
thiourea derivatives to bind a wide range of 
anions, the strategy demonstrated here is appli- 
cable, in principle, to cationic intermediates with 
a variety of counterion structures. 
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100-Million-Year Dynasty of Giant 
Planktivorous Bony Fishes in the 


Mesozoic Seas 


Matt Friedman,** Kenshu Shimada,”? Larry D. Martin,* Michael J. Everhart, Jeff Liston,> 


Anthony Maltese,® Michael Triebold® 


Large-bodied suspension feeders (planktivores), which include the most massive animals to have ever 
lived, are conspicuously absent from Mesozoic marine environments. The only clear representatives of 
this trophic guild in the Mesozoic have been an enigmatic and apparently short-lived Jurassic group 
of extinct pachycormid fishes. Here, we report several new examples of these giant bony fishes 

from Asia, Europe, and North America. These fossils provide the first detailed anatomical information 
on this poorly understood clade and extend its range from the lower Middle Jurassic to the end of 
‘the Cretaceous, showing that this group persisted for more than 100 million years. Modern 
large-bodied, planktivorous vertebrates diversified after the extinction of pachycormids at the 
Cretaceous-Paleogene boundary, which is consistent with an opportunistic refilling of vacated ecospace. 


he largest vertebrates—fossil or living— 

| are marine suspension feeders, Modern 
clades adopting this ecological strategy 
diversified in the Paleogene (66 to 23 million 
years ago) (1-3) and include baleen whales and 
four independent lineages of cartilaginous fishes 
(sharks and rays) (4). In striking contrast to the 


array of giant suspension feeders found in Ceno- 
Zoic marine environments, this guild has appeared 
to be absent during most of the Mesozoic, an 
interval that is marked by the ecological ascend- 
ance of modem plankton groups (5, 6). Possible 
candidates have been proposed (7, 8), but the 
clearest examples of large-bodied planktivores in 


the Mesozoic seas have been a handful of bony 
fishes confined to a brief 20-million-year window 
during the Jurassic (Callovian-Tithonian, 165 
to 145 million years ago) and known almost ex- 
clusively from European deposits (9-/2). These 
enigmatic taxa belong to the extinct family 
+Pachycormidae (the dagger symbol indicates 
extinct groups), a stem-teleost clade that is 
otherwise composed of pelagic predators con- 
vergent upon tunas and billfishes (/0), Giant 
+pachycormids include the largest bony fish of 
all time (the ~9 m fLeedsichthys) (9, 13), but 
their short stratigraphic range had implied that 
they were an inconsequential component of 
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Mesozoic marine ecosystems and a minor— 
and ultimately unsuccessfiil—experiment in sus- 
pension feeding at large body sizes. 

Here, we report newly recognized remains of 
suspension-feeding tpachycormids ranging from 
the lower Middle Jurassic to the Upper Cretaceous 
and discuss the implications of our discoveries for 
Mesozoic marine ecosystems. With the exception 
of one recently discovered specimen, these fossils 
were housed in museum collections in which they 
were cither unstudied or had been described but 
incorrectly identified in the 19th century. Further 
preparation and examination, combined with an 
existing systematic framework (/0, 12), led us to 
revise previous interpretations of this material. 

The fossils reported here include a generi- 
cally indeterminate cranium from the lower 
Middle Jurassic (Bajocian, 172 to 168 million 
years ago) Inferior Oolite of Dorset, UK (Fig. 1); 
the nearly complete skull of +Rhinconichthys 
taylori gen. et sp. nov, (14) from the lower Up- 
per Cretaceous (Cenomanian, 100 to 94 million 
years ago) Lower Chalk of Kent, UK (Fig. 1); a 
similar fish from the Upper Cretaceous (Ceno- 
manian) Middle Yezo Group of Hokkaido, 
Japan (/5); and multiple specimens of +Bon- 
nerichthys gladius gen. nov. (16) from mid-upper 
Upper Cretaceous (Coniacian-Maastrichtian, 89 
to 66 million years ago) deposits of the Wester 
Interior Seaway and Coastal Plain in the United 
States (Fig. 2) (15, 17, 18). 

These specimens reveal the anatomy of 
suspension-feeding tpachycormids, previously 
known exclusively from poorly understood 
Jurassic fossils. Material of *Leedsichthys is 
crushed, fragmented, and disarticulated (9, 1/), 
and detailed structure is obscure in rare articu- 
lated examples of +Asthenocormus (10) and 
}Martillichthys (12). We base our description on 
+Bonnerichthys (Fig. 2). 

The snout is covered by a median rostro- 
dermethmoid, which is a tpachycormid syna- 
pomorphy (/0, 15, 19). Two lateral projections 
along the oral margin are unknown in other forms, 
but their position suggests that they might be co- 
ossified premaxillae. Thickened ridges trace the 
lateral margins of the rostrodermethmoid, mark the 
position of the supraorbital canal, and imply that 
the rostrodermethmoid of +Bonnerichthys also 
incorporates the nasals, The rectangular frontal 
bears a ridge on its visceral surface, marking the 
course of the supraorbital sensory canal. The hook- 
shaped dermosphenotic lies lateral to the frontal, 
defines the dorsal margin of the orbit, and bears 
the Boast between the infraorbital and otic 
Is. A triradiate canal-bearing ossifica- 
identified as a dermopterotic. There is no 
indication of sutural contacts between the dermos- 
phenotic, dermopterotic, and frontal, or between 
the frontal and the rostrodermethmoid. The 
condition in +Bonnerichthys is derived relative to 
all other +pachycormids, in which dermal bones of 
the skull roof are tightly linked. 

‘As in many suspension-feeding fishes (4), 
the dentary of the lower jaw and the maxilla of 
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the upper jaw are elongate and edentulous. 
Absence of dentition even extends to the preartic- 
ular, which lines the inner surface of the mandible, 
and the parasphenoid, which forms much of the 
roof of the oral chamber. The parasphenoid is 
pierced by paired foramina for the intemal carotid 
arteries, a derived feature of teleosts (/5). 
Members of the operculogular series recov- 
ered for tBonnerichthys include the opercle, 
subopercle, and gular plate. The hyoid arch is 
represented by large, imperforate hyomandibu- 
lae with well-developed opercular processes and 
rod-shaped ceratohyals. Gill-arch remains in- 
clude hypo- and infrapharyngobranchials with 
complex articular surfaces, plus long and deeply 
grooved cerato- and epibranchials. Enlarged gill 
rakers bearing long, needle-like projections are 
found in +Asthenocormus, +Leedsichthys, and 
+Rhinconichthys (9, 10, 12, 15). These probable 
suspension-feeding structures have not yet been 
recovered for +Bonnerichth 
Typical of ¢pachycor , the pectoral fins 
are scythe-shaped. The leading edge of the fin is 
fused, with an irregular margin that contrasts 
with the precisely patterned serrations in some 
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species of +Profosphyraena (10, 17, 19, 20). 
Distally, the fin-rays bifurcate in the “Y” pattern 
characteristic of tpachycormids (/0, /9). The 
pectoral endoskeleton of ¢Bonnerichthys agrees 
closely with those of +Orthocormus (21) and 
+Protosphyraena (20), The second radial is 
“C”-shaped, makes two independent articula- 
tions with the primary shoulder girdle, and is 
trailed by a series of paddle-shaped radials (/5). 

The skull of +Bonnerichthys specimen KUVP 
60692 measures roughly | m from the tip of the 
snout to the rear of the pectoral girdle (Fig, 2C). 
Isometric scaling relative to articulated fossils of 
+Asthenocormus and +Martillichthys (12) si 
gests a total length of approximately 4 m for this 
specimen. Other less complete remains of 
+Bonnerichthys (associated skeleton University 
of Nebraska State Museum UNSM 88507 and 
pectoral fins and girdles KUVP 465) are over 
20% larger than equivalent elements of KUVP 
60692, indicating that the genus is likely to have 
reached at least 5 m in length. This is smaller than 
revised length estimates for tLeedsichthys (13) 
but approaches the size of some modem planktiv- 
‘orous chondrichthyans (4, 22). 
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Fig. 1. Newly recognized fossils of giant Mesozoic suspension-feeding bony fishes. (A) +Rhinconichthys 
taylori gen. et sp. nov., BMNH 219, from the lower Upper Cretaceous (Cenomanian) Lower Chalk of Kent, 
UK, in right- and left-lateral views. (B) Indeterminate edentulous ¢pachycormid, BMNH P.41669, from the 
lower Middle Jurassic (Bajocian) Inferior Oolite of Dorset, UK, in dorsal and ventral view (anterior is toward 
‘the top). Matrix has been digitally masked so as to enhance contrast, and preserved bone that would have 
been visible externally in the ventral and dorsal views is shaded in tentative reconstruction based on 
tMartillichthys and +Pachycormus. Scale bars apply only to fossils. boc, basioccipital; brs, branchiostegal 
rays; cbr, certobranchials; chy, anterior ceratohyal; de, dentary; dpt, dermopterotic; ent, entopterygoid; fr, 
frontal; gu, median gular; hhy, hypohyal; hym, hyomandibula; mtp, metapterygoid; mx, maxilla; psp, 
parasphenoid; rde, rostrodermethmoid; and scl, sclerotic ring. Paired bones are listed as right (r) or left (0. 
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Fig. 2. {Bonnerichthys gladius gen. nov., a giant 
suspension-feeding bony fish from the Upper Cretaceous 
of the United States. (A) Neurocranium and parasphenoid 
in ventral view. (B) Gular plate in ventral view. (C) Cranial 
and pectoral skeleton, shown in right-lateral view. Bones 
that were reconstructed from other specimens are shown 
in gray. (D) Hypural plate in right-lateral view. Scale bar 
‘in (© applies to (A) to (D). (A) to (C) show specimen KUVP 
60692; (D) shows specimen FHSM (Sternberg Museum, 
Hays, Kansas) VP-17428. (E) Tentative reconstruction in 
ventral (top) and lateral (bottom) views, indicating life 
position of bones shown in (A) to (D). ant, antorbital; ar, 
articular; cle, cleithrum; dsp, dermosphenotic; ect, 
ectopterygoid; f.hym, hyomandibular facet of neuro- 
cranium; op, opercle; p.f, pectoral fin; qu, quadrate; sco, 
scapulocoracoid; and sop, subopercle. Other abbrevia- 
tions are as in Fig. 1. 


Fig. 3. Stratigraphic distri- 
bution of giant tpachycormid 
fishes and modern plank- 
tivorous whales and chon- 
drichthyans (icons of living 
groups are not shown to 
scale). Previous occurrences of 
suspension-feeding tpachy- 
cormids were confined to a 
short interval in the Jurassic 
(shown as a thin line rep- 
resenting tLeedsichthys, 
tMartillichthys, and tAsthe- 
nocormus), but occurrences 
reported here (shown as thick 
lines) expand this group's 
stratigraphic range to ap- 
proximately 100 million 
years. Convincing records of 
modern large-bodied plank- 
tivorous vertebrates only 
appear in the Paleogene, 
after the extinction of giant 
tpachycormids. 
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A cladistic analysis provides robust support 
for the monophyly of a clade comprising 
+Bonnerichthys plus other large edentulous 
¥pachycormids and reinforces the interpretation 
of tpachycormids as stem teleosts (/5). This 
subset of }pachycormids is a unique example of 
suspension feeding at massive body sizes within 
the teleost total group (23), which is a diverse 
radiation that otherwise contains a bewildering 
aray of bodyplans and whose living representa- 
tives are taxonomic dominants in marine verte- 
brate faunas (22). With lengths between 5 and 
9 m, tBonnerichthys and tLeedsichthys are 
comparable in size with some modem suspension- 
feeding sharks (4, 22), Even the more modestly 
sized +Martillichthys and +Asthenocormus are 
ecological giants in comparison with extant 
planktivorous teleosts. At over 2 m, these 
+pachycormid genera are an order of magnitude 
longer—and by extension several orders of 
magnitude more ive—than living teleost 
suspension feeders, most of which are on the 
order of 10 cm long (23). The only moderately 
large planktivorous actinopterygian (the more 
extensive bony fish clade that contains teleosts) is 
the paddlefish Polyodon. This sturgeon relative is 
confined to the freshwaters of North America and 
rarely exceeds 2 m in length despite a greatly 
elongated rostrum (24). 
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The discovery of early Middle Jurassic and 
Late Cretaceous tpachycormids with anatomical 
features that are consistent with suspension 
feeding (4) alters the picture of the evolution 
of this ecological guild in the Mesozoic and 
afterward. Oceans during much of this interval 
have been viewed as devoid of large-bodied 
suspension feeders (25), but we now recognize 
that tpachycormids occupied this ecological 
role for much of the Mesozoic (Fig. 3). Marine 
reptiles diversified prolifically during this geo- 
logical interval, attaining massive sizes and 
evolving specializations attributed to suction 
and ram feeding (26), but there is no clear e' 
dence that they ever adopted planktivory. This 
observation, coupled with the perceived absence 
of large-bodied planktivores during most of the 
Mesozoic, led to suggestions that anatomical 
constraints prevented these otherwise diverse 
marine amniote clades from exploiting suspe 
sion feeding (25). Our findings suggest that marine 
reptiles might have been excluded from this 
trophic strategy by incumbent tpachycormids. 

The first fossil occurrences of modem large- 
bodied suspension feeders are confined to the 
Cenozoic: manta rays and whale sharks in the 
late Paleocene (/), basking sharks in the mid- 
Eocene (2), and plankton-feeding whales near 
the Eocene-Oligocene boundary (3). The only 
example with a possible Mesozoic record is the 
megamouth shark Megachasma, but there is a 75- 
million-year interval between a few isolated Late 
Cretaceous teeth and the next oldest occurrence, 
which dates to the late Oligocene-early Miocene 
(27). The radiation of large-bodied suspension- 
feeding chondrichthyans and whales in the Paleo- 
gene follows the disappearance of +Bonnerichthys 
and many other large-bodied marine teleosts 
(28, 29) during the end-Cretaceous extinction, 
suggesting that familiar modem groups of plank- 
tivores diversified into the ecospace vacated by 
giant ¢pachycormids. 
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Climate, Critters, and Cetaceans: 
Cenozoic Drivers of the Evolution 


of Modern Whales 


Felix G. Marx*?* and Mark D. Uhen® 


Modern cetaceans, a poster child of evolution, play an important role in the ocean ecosystem as apex 
predators and nutrient distributors, as well as evolutionary “stepping stones” for the deep sea biota. Recent 
discussions on the impact of climate change and marine exploitation on current cetacean populations may 
benefit from insights into what factors have influenced cetacean diversity in the past. Previous studies 
suggested that the rise of diatoms as dominant marine primary producers and global temperature change 
were key factors in the evolution of modem whales. Based on a comprehensive diversity data set, we 
show that much of observed cetacean paleodiversity can indeed be explained by diatom diversity in 
conjunction with variations in climate as indicated by oxygen stable isotope records (5**0). 


‘odem cetaceans (Neoceti), the mysti- 
Ms== and odontocetes, show a number 

of mass-feeding adaptations beyond 
the immediate demands of an aquatic existence 
(J). Whereas mysticetes have become edentu- 
lous and rely on baleen to filter food from the 
water, odontocetes have evolved the ability to 
search for prey by means of echolocation. What 
unites these two different adaptive strategies is 
their effectiveness in terms of mass feeding: 


Whereas mysticetes obtain enormous amounts 
of small prey by filtering vast quantities of water, 
odontocetes may be able to use their biosonar 
to locate the vertically migrating layers of plank- 
ton with their associated grazers and predators 
known as deep scattering layers (/), To support 
such large and abundant apex predators, the eco- 
systems exploited by cetaceans must be extremely 
productive, and the energy captured by primary 
producers must be transmitted very efficiently 
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through the food web (2). Compared with photo- 
synthetic bacteria and nannoplankton, diatoms, 
the dominant marine producers of today, are rela- 
tively large organisms (3) and are thus likely to be 
at the base of a food web with relatively fewer 
intermediate consumers (/, 2). This shortening of 
the food web reduces the amount of trophic frac- 
tionation between the original photosynthetic event 
and the final consumption by apex predators, such 
as cetaceans, thus allowing the latter to forage 
more efficiently and grow larger, more abundant, 
and more diverse as a result (/), 

We investigated whether the rise of diatoms 
to dominance may have triggered the radiation 
of neocetes (/) by fitting a set of a priori models 
(Table 1) to a comprehensive genus-level cetacean 
diversity data set (n = 204) downloaded from the 
Paleobiology Database (4), as well as by assessing 
the explanatory power of the different models 
using the second-order Akaike’s Information Cri- 
terion (AIC.) and Akaike weights (1v,) (5, 6). 
Apart from diatom and nannoplankton species 
diversity, which we downloaded from the Nep- 
tune database (7) (comparable dinoflagellate data 
were unavailable), our set of potential predictors 
also comprised oxygen isotope records (expressed 
as 5'%O values), a proxy reflecting both temper 
ature and global ice volume (8). These records. 
allowed us to test for the effect of primary pro- 
duction (/) and climate change (9), respectively. 
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Table 1. Comparison of a number of a priori models attempting to explain 
cetacean paleodiversity based on the PaleoDB diversity data as sampled per 
bin. 570, oxygen isotope records used as proxy for climate change (8); 
diatom, diatom species diversity (Neptune database) (7); nanno, nannoplank- 


In addition, we included two measures of global 
marine rock abundance to account for the poten- 
tially biasing effect of the variable amount of pre- 
served sedimentary rock on our cetacean diversity 
data (10). Our first estimate consisted of the total 
number of fossiliferous marine formations; our 
second estimate was a subset of the former and 
included only those formations that have produced 
any vertebrate fossils, to account for potential pre- 
servational biases. Both were downloaded from 
the Paleobiology Database (4), 

In addition to the sampled-in-bin cetacean 
diversity data, we also included a biologically ad- 
justed diversity estimate in our analysis to investi- 
gate whether this would result in a strengthening 
of any observed relationships between the di- 
versity and environmental data. For this adjusted 
estimate, taxa were ranged through time bins in 
which they had not actually been sampled, pro- 
vided that the taxon in question had already been 
recorded in at least one earlier and one later bin. 
‘We accounted for variations in stage length by in- 
cluding stage duration as a nonoptional predictor 
in all our models. Furthermore, we accounted for 
non-normality and nonconstant variances, which 
are often associated with count data like ours, by 
square-root-transforming cetacean diversity in 
all analyses, and for temporal autocorrelation by 
fitting autoregressive models to our original data 
and using generalized least squares where appro 
priate (4). We ran two sets of models based on 
our two estimates of rock abundance. However, 
because the results of both sets were similar, we 
decided to focus on the total number of marine 
formations [see (4) for further details]. 

Out of our models, the combination of dia- 
tom species diversity and 5'8O values was most 
strongly associated with cetacean diversity (Fig. 


1 and Table 1). This was true for the sampled-in- 
bin data both for the whole of Neoceti and for 
mysticetes and odontocetes viewed separately, 
with mysticete diversity being particularly well 
predicted by this model (Tables 1 and 2). By 
contrast, we could not clearly distinguish between 
the model including diatom diversity and 8'%O 
only and the model including diatom diversity, 
83'S, and rock abundance as far as the ranged- 
through data were concemed, the latter model 
having an Akaike weight of nearly 0.1. Because 
the diatom and 5'%O model is nested within the 
latter, we were able to test whether the more 
parameter-rich model explained our data signifi- 
cantly better by using a likelihood ratio test. This 
test showed a significant improvement of the mod- 
el also including rock abundance over the model 
including just diatom diversity and 6'8O for the 
neocete ranged-through data (X° = 6.50, P = 
0.011) but not for the sampled-in-bin data (X° = 
0.02, P = 0.879). Interestingly, in all of the fav- 
cored models the link between phytoplankton and 
cetacean diversity was restricted to diatoms only, 
as nannoplankton failed to explain much of the 
variance in the cetacean data both on its own and 
in combination with diatoms. 

The link between diatom diversity and ob- 
served cetacean diversity supports the hypothesis 
that diatom-based primary production has been an 
important driver of neocete evolution (/). Sim- 
ilarly, the observation that climate change also 
has a role to play is not surprising in light of 
recent research that has demonstrated substantial 
temperature-dependent variations in the diversity of 
extant cetaceans (9). Finally, the observation that 
the model including diatom diversity and 6'80 
seems to explain mysticete diversity relatively bet- 
ter than odontocete diversity is reasonable, consid- 


siliferous marine formations as downloaded from the PaleoDB (4). All models 
also included geologic stage duration as a nonoptional predictor to account 
for the potentially biasing effect of unequal Cenozoic stage durations. The R 
shown is the generalized R* proposed by (26) and (27). The preferred models 


ton species diversity (Neptune database) (7); rock, total number of fos- are shown in bold. 
Model R P AIC, AAIC wy; Model R P AIC, AAIC wy; 
Neoceti sampled-in-bin Neoceti ranged-through 
Rock 0.05 0.753 «53.37 12.37 = <0.01 Rock 0.07 (0.681 «51.06 14,13 <0.01 
Diatom 0.28 0.169 «50.38 «= 9.38 = <0.01 Diatom 0.50 0.057 «46,30 9,38 <0.01 
Nanno 0.07 0.686 «= 53.18 12.18 = <0.01 Nanno 0.33 «0.214 «49,35 12.43 <0.02 
Diatom, nanno 035 0.191 «56.51 15.51 <0.01 Diatom, nanno 0.50 0.104 «53.47 16.54 <0.01 
Rock, diatom 036 «©0179 56.36 = 15.36 <0.01 Rock, diatom 0.58 0.024 «49.69 12.76 = <0.01 
Rock, 8*°0 0.09 «0.801 60.27, 19.27 <0.01 Rock, 5*°0 0.07 «(0.857 58.39 21.47 <0.01 
Diatom, 80 0.84 <0.001 41.00 0.00 0.98 Diatom, 5*°0 0.87 <0.001 36.93 0.00 0.89 
Rock, diatom, 50 0.84 + <0.001 51.98 10.98 += <0.01 Rock, diatom, 50 0.93 <0.001 41.43 4.50 0.09 
Mysticeti sampled-in-bin Odontoceti sampled-in-bin 

Rock 0.01 0.971 43.00 32.18 = <0.01 Rock 0.06 §©0.700 50.76 = 11.34 <0.02 
Diatom 0.67 0.017 «35.00 24.18 = <0.01 Diatom 0.26 0.193 48.18 «= 8.76 0.01 
Nanno 0.11 0.516 «= 41.74 = 30.91 <0.01 Nanno 0.06 0.704 «50.77, 11.35 <0.02 
Diatom, nanno 0.76 0.008 = 38.76 = 27.94 = <0.01 Diatom, nanno 039° «(0.141 «53.34 «13.92 <0.01 
Rock, diatom 0.84 0.001 34.13 23.31 = <0.01 Rock, diatom 034 «0.210 «54.29 1486 = <0.01 
Rock, 50 0.03 0.945 «= 50.02. 39.20 <0.01 Rock, 50 0.09 «(0.787 «57.75 18.32 <0.01 
Diatom, 60 0.98 <0.001 10.82 0.00 0.99 Diatom, 80 0.86 <0.001 39.42 0.00 0.98 
Rock, diatom, 50 0.98 -<0.001_—21.38 10.56 ~——<0.01 Rock, diatom, "0 0.86 —<0.001_—-50.41_— 10.99 ——<0.01 
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Fig. 1. Comparison of neocete (A), 
mysticete (B), and odontocete (C) 
paleodiversity with diatom paleo- 
diversity (D) and global 5"°0 val- ° 
ues (E). Cetacean diversity is shown 

as sampled-in-bin data as down- 
loaded from the Paleobiology Data- 
base (gray) and as a ranged-through 5 
estimate (black). Error for the 50 
curve is shown as mean standard 
error (SE) multiplied by 100. The 
picture of a diatom is after Haeckel 
(28). 
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ering the relatively lower trophic levels (copepods, 
krill, and small fish) that many mysticetes feed on 
(11), Because these results depend on our choice 
of environmental and biological variables used as 
predictors here, they could substantially change if 
other or additional variables were used. None- 
theless, our study offers an entirely biological 
explanation of cetacean diversity, which, if cor- 
rect, would seem to imply that the abundance of 
fossiliferous rock, previously proposed to affect 
or even overwhelm any biological signal in paleo- 
diversity data sets (/0, /2-/4), does not exert a 
major bias on cetacean paleodiversity. 

One peculiar observation is the curious in- 
crease in explanatory power of rock abundance 
in combination with diatom diversity and 5'°O 
when the ranged-through data were used. Aside 
from the possibility of this being a coincidence, 
such an increase in fit in the face of a crude (fig. 
S1) but inherently biologically motivated correc- 
tion of paleodiversity seems counterintuitive. One 
potential explanation might be found in the way 
the effects of rock abundance are commonly in- 
terpreted. Although often treated as a simple bias 
(10, 12), it has also been proposed that both rock 
abundance and diversity may be influenced by a 
common third factor, such as sea-level change 
(15), thus potentially making rock abundance a 
covariate, rather than a determinant of observed 
cetacean diversity. Assuming that enough rock has 
been preserved per stage to overcome an initial and 
inevitable small-scale link between rock abundance 
and the number of fossil cetacean taxa preserved, it 
might thus be expected that in the presence of 
presumably genuine drivers of diversity, such as 
plankton abundance or climate change, rock abun- 
dance should explain none or hardly any of the 
diversity pattems observed. However, the amount 
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Table 2. Estimated best-fit model parameters for the neocete, mysticete, and odontocete data sets. 5™%0, 
oxygen isotope records used as proxy for climate change (8); diatom, diatom species diversity (Neptune 
database) (7); rock, total number of fossiliferous marine formations as downloaded from the Paleobiology 
Database (4); st. dur., geologic stage duration; the latter was included as a nonoptional predictor in all 
models to account for the potentially biasing effects of unequal Cenozoic stage durations. 


Neoceti Neoceti Mysticeti Odontoceti 
sampled-in-bin ranged-through sampled-in-bin sampled-in-bin 
Estimate SE Estimate SE Estimate SE Estimate SE 
Intercept 6.694 1.465 6.649 1111 2.214 0.179 5.566 1.179 
St.dur, 0.047 0.189 © -0.068 (0.167 0.096 0.023 0.049 0.166 
Diatom 0.029 0.005 0.028 0.003 0.015 <0.001 0.020 0.003 
0 2.881 0.577 2.253 0.422 1.077 0.081 2.147 0.351 
Rock - - 0.013 0.006 - - - - 


of preserved sedimentary rock may be influenced 
by a complex interplay of factors, such as changes 
in sea-level or climate, influencing both deposi- 
tion and erosion, all of which may also have an 
effect on cetacean diversity to various degrees. As- 
suming the ranged-through estimate to be a better 
reflection of actual cetacean paleodiversity than 
the data as sampled per bin, it might thus be pos- 
sible that the increase in the explanatory power of 
rock abundance might reflect the effects of one or 
more genuine common-cause drivers of both ceta- 
cean evolution and rock abundance not repre- 
sented in our models. This view may be supported 
by the negative coefficient for rock abundance in 
our ranged-through model (Table 2), which im- 
plies that an increase in rock abundance is linked 
with a decrease in neocete diversity—an observa- 
tion clearly inconsistent with the interpretation 
of the latter as a simple bias, at least in the case 
of cetacean paleodiversity. 

One prominent hypothesis regarding the evo- 
lution of neocetes is that the onset of the Antarctic 


Circumpolar Current (ACC) may have triggered 
the radiation of modem whales by greatly increas- 
ing the availability of nutrients in the upper layers 
of the sea through deep mixing in the Southern 
Ocean (/, 16-19), Indeed, the effects of the ACC 
provide the Southem Ocean with one of the 
highest surface concentrations of silica, the major 
component of diatom frustules, anywhere in the 
world (20, 2/). Although most of this silica is 
used up by local diatom growth, the water leaving 
the area in the form of Subantarctic Mode Water 
still supplies high concentrations of other nutrients, 
such as nitrate, to the world’s oceans, supporting 
as much as 75% of global export production 
north of 30°S in the process (20). Together with 
local sources of silica, particularly in the North 
Pacific (20), the ACC thus seems to offer a 
credible mechanism supporting the high rates of 
biological production needed to sustain large apex 
predators such as cetaceans, Although paleonto- 
logical evidence suggests that neocetes appeared 
and possibly started to radiate in the latest Eocene 
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close to the Eocene-Oligocene boundary 23), 
the time of the actual establishment of the ACC is 
still a matter of debate (24, 25), and thus no firm 
conclusion can be drawn. However, our results 
imply that, if the onset of the ACC indeed trig- 
gered the evolution and diversification of neo- 
cetes, it likely must have done so through a great 
increase in diatom-based productivity, possibly by 
increasing the bioavailability of silica and other 
nutrients in the Southern Ocean and coastal up- 
welling zones around the world through deep- 
mixing occurring around Antarctica (/). 
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Regulation of Alternative Splicing 
by Histone Modifications 


Reini F. Luco,* Qun Pan,” Kaoru Tominaga,? Benjamin J. Blencowe,” 
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Alternative splicing of pre-mRNA is a prominent mechanism to generate protein diversity, 

yet its regulation is poorly understood. We demonstrated a direct role for histone modifications in 
alternative splicing. We found distinctive histone modification signatures that correlate with the 
splicing outcome in a set of human genes, and modulation of histone modifications causes splice 
site switching. Histone marks affect splicing outcome by influencing the recruitment of splicing 
regulators via a chromatin-binding protein. These results outline an adaptor system for the reading 
of histone marks by the pre-mRNA splicing machinery. 


‘ost human genes are alternatively 
Me ina cell type and tissue-specific 

manner, and defects in altemative splic- 
ing (AS) contribute to disease (/—-4), PremRNA. 
splicing occurs largely cotranscriptionally, and 
alternative splice site choice is influenced by 
RNA polymerase II elongation rate, chromatin 
remodelers, and histone deacetylase inhibitors 
(5-14). Genome-wide mapping of histone mod- 
ifications has revealed nonrandom distributions 
of nucleosomes and several histone modific: 
tions across exons (/5—/9). Given these observa- 
tions, we probed the role of histone modifications 
in AS, 
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The human fibroblast growth factor receptor 
2 (FGFR2) gene is an established AS model, in 
which exons IIIb and Ic undergo mutually ex- 
clusive and tissue-specific AS (Fig. 1A) (20, 2/). 
In human prostate normal epithelium cells (PNT2s), 
exon IIIb is predominantly included, whereas in 
human mesenchymal stem cells (hMSCs), it is re- 
pressed and exon Ile is exclusively used (Fig. 1, A 
and B). The differential inclusion of these two exons 
is regulated by the polypyrimidine tract-binding 
protein (PTB) which binds to silencing elements 
around exon IIIb, resulting in its repression (20, 22). 
We comparatively mapped by quantitative chro- 
matin immunoprecipitation a set of histone mod- 
ifications across the altematively spliced region in 
PNT2 cells and hMSCs (Fig. 1, C to H, and fig. S1, 
Ato F). No differences in the levels of H3-K4me2, 
H3-K9ac, H3-K27ac, and pan-H4ac histone mod- 
ifications were detected (Fig, 1H and fig. $1, D to 
F). In contrast, H3-K36me3 and H3-K4mel were 
enriched over the FGFR2 gene in hMSCs, where 
exon IIIb is repressed, whereas H3-K27me3, H3- 
K4me3, and H3-K9mel were reduced as com- 
pared to PNT2 cells, where the exon is included 
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(Fig. 1, C to G, and fig. $1, A to C). Histone mark 
enrichments were not limited to the alternatively 
spliced exons but extended along the locus with 
the highest differences around the altematively 
spliced region (Fig. 1 and fig. S1). 

Several other PTB-dependent alternatively 
spliced exons (23), including tropomyosin 2 
(TPM2) exon 7 and TPMI exon 3 in hMSCs and 
pyruvate kinase type M2 (PKM2) exon 9 in PNT2 
cells, exhibited similar splicing-specific histone 
modification patterns (fig. $2), whereas PTB- 
independent altemative exons or constitutively 
spliced genes did not (figs. $3 and $4), Chro- 
matin signatures correlated with the inclusion 
pattem of the PTB-dependent exon regardless of 
cell type or steady-state transcription levels of the 
altematively spliced genes (Fig. | and figs. $2 and 
$3). These observations reveal a correlation be- 
tween histone mark signatures and PTB-dependent 
repression of alternatively spliced exons. 

To investigate whether histone modifications 
have a causal role in alternative splice site selec 
tion, we modulated the levels of H3-K36me3, 
which is the most prominently enriched modifi- 
cation on FGFR2. Overexpression of the H3-K36 
methyltransferase SET2 led to a significant in- 
crease in H3-K36me3 globally and along FGFR2 
in both PNT2 and hMSC cells (Fig. 2A and fig. 
$5, A and B) and, consistent with a role of H3- 
K36me3 in altemative splice site selection, re- 
duced the inclusion of PTB-dependent exons in 
FGFR2, TPM2, TPM1, and PKM2 mRNA (Fig, 
2B and figs. S6, A to D, and S7, A to C). Usage 
of PTB-independent alternatively spliced exons 
and constitutive splicing were unaffected (Fig. 2, 
C and D, and fig. $8, A and B). Overexpression 
of SET2 also significantly reduced the inclusion 
of FGFR2 IIb in HEK 293 cells, where both 
isoforms are included to a similar extent, demon- 
strating that H3-K36me3-~mediated modulation of 
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Fig. 1. Splicing-specific histone 
modifications. (A) Schematic repre- 
sentation of the human FGFR2 gene. 
Exon Illb (red) is included in PNT2 
epithelial cells, exon Illc (black) is 
included in hMSCs. Square dots 
indicate oligonucleotide pairs used 
in analysis. (B) Levels of FGFR2 exon 
inclusion relative to GAPDH in 
PNT2 (red) or hMSCs (black) deter- 
mined by quantitative polymerase 


chain reaction (PCR). (C to H) Mapping of H3-K27me3 (Q), 
H3-K36me3 (D), H3-K4me3 (E), H3-K4me1 (F), H3- 
K9mel (G), and H3-K4me2 (H) in FGFR2 in PNT2 (red) 
and hMSC (black) cells by quantitative chromatin 
immunoprecipitation. The percentage of input was nor- 
malized to unmodified H3. Values represent means + 
SEM from four to six independent experiments. *P < 


0.05, **P < 0,01, Student's t test. 


Fig. 2. Modulation of 
alternative splicing by his- 
tone modifications. (A, 
E, and 1) H3-K36me3 
levels after SET2/SETD2 
modulation [(A) and (E)) 
and H3-K4me3 after 
‘ASH2 overexpression (I). 
Arrows indicate trans- 
fected cells. Scale bar, 
10 kum. (B to D, F to H, 
and J to L) Quantitative 
reverse transcription PCR 
(RT-PCR) analysis of ex- 
on ratios after overex- 
pression of Flag-SET2 
[(B) to (D), SET2], down- 
regulation of SETD2 [(F) 
to (H), siSETD2], or over- 
expression of Flag-ASH2 
[() to (U), ASH2] in PNT2 
(red) or hMSC cells 
(black). Ratios are as 
follows: exon IIIb/llc for 
FGFR2, exon v6/e2 for 
044, and exon e6/e7 
for GAPDH. Values repre- 
sent means + SEM of 
percentages relative to 
EGFP or siCyclophilin B 
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Used as controls from four to six independent experiments. **P < 0.01, Student's t test compared to control. 
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Fig. 3. MRG15 modulates alternative splicing. (A and B) Chro- 
matin immunoprecipitation of MRG15 along FGFR2 (A) and CD44 
(B) in PNT2 (red) and hMSC (black) cells. Input was normalized to 
unmodified H3. The RPL13a promoter was a positive control. Values 
Tepresent means + SEM from three to six independent 
experiments. (C to F) Quantitative RT-PCR analysis of exon ratios 
after overexpression of EGFP-MRG15 [(C) and (D), MRG15] or 
down-regulation of both MRG15 and MRGX [(E) and (F), siMRG] in 
PNT2 (red) or hMSC (black) cells. Ratios are as follows: exon IIIb/lic 
for FGFR2 and exon v6/e2 for CD44. Values represent means + SEM 
of percentages relative to EGFP or siCyclophilin B used as controls 
from five independent experiments. *P<0.05, **P<0.01, Student's t 
‘test compared to control. 


Fig. 4. H3-K36me3 recruits PTB to exon Illb via MRG15. (A) 
Immunoblot detection of PTB and MRG15 after immuno- 
precipitation of PTB. (B) Reciprocal coimmunoprecipitation of over- 
expressed MRG15-V5/His and PTB-HA in Hela cells. (C to E) RNA 
immunoprecipitation of PTB, MRG15, or Sm proteins in FGFR2 
exons IIIb and Ilic in PNT2 (red) or hMSC (black) cells. Values 
represent means + SEM from three independent experiments. (F 
and G) Overexpression of MRG15 (F) or SET2 (G) in PNT2 (red) or 
MSC (black) cells for 48 hours before RNA immunoprecipitation of 
PTB. Values represent means + SEM from three independent 
experiments. (H and 1) Quantitative RT-PCR analysis of exon ratios 
‘in PNT2 cells depleted of MRG15 and MRGX (siMRG, yellow) or 
cyclophilin B (siCycB, red) after overexpression of SET2 or EGFP. 
Ratios are as follows: exon IIIb/ilic for FGFR2 (H) and exon v6/e2 for 
CD44 (I). Values represent means + SEM from five independent 
experiments. *P < 0.05, **P < 0.01, Student's t test compared to 
control, 
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Fig. 5. Genome-wide identification of SETD2, MRG15, and PTB alternative splicing events in hMSC cells. 
(A) Scatterplot of AS events in MRG15- (siMRG) or PTB-depleted cells (siPTB) as compared to small 
interfering RNA control (siCtrl) transfected cells. The cutoff is >15% change in exon usage. Red indicates 
codependent splicing events. (B) Venn diagram of PTB- and MRG15-dependent events with >15% change 
in exon usage. (C) Percentage of MRG15/PTB codependent events that are also sensitive to SETD2 down- 
regulation. (D) An adaptor system for reading histone marks by the splicing machinery, consisting of a 
histone mark signature, a chromatin-binding protein (MRG15), and a splicing regulator (PTB). 


PTB-dependent splicing is not cell type-specific 
(fig. $9, A to E). Conversely, down-regulation of 
the H3-K36 methyltransferase SETD2 by RNA 
interference (RNAi) promoted inclusion of the 
normally repressed PTB-dependent exons (Fig. 2F 
and figs. S6, M to P, and S7, D to F) but did not 
affect the PTB-independent exons and constitu- 
tively spliced exons (Fig. 2, G and H, and fig. $8, 
E and F). The changes in splicing patterns were 
not an effect of changes in total FGFR2 or PTB. 
transcription levels (fig. S8, C and D and G and 
11), nor were they due to epithelial-to-mesenchymal 
transition forced by overexpression or knockdown 
of SET2 (fig. $10). We similarly tested the effect of 
H3-K4 methylation, because H3-K4me3 is enriched 
over the FGFR2 gene in PNT2 cells as compared to 
hMSCs, Overexpression of the H3-K4 methyltrans- 
ferase ASH2 led to increased usage of the normally 
repressed PTB-dependent exons (Fig. 23 and fig. 
S7, G to T) but not of PTB-independent altema- 
tively spliced exons ora constitutively spliced exon 
(Fig. 2, K and L), These results demonstrate that 
histone modifications can modulate AS outcome. 

To define the molecular mechanism by which 
histone marks influence splice site choice, we fo- 
cused on the histone tail-binding protein MORF- 
related gene 15 (MRG1S5), a component of the 
retinoblastoma binding protein 2 (RBP2)/H3-K4 
demethylase complex (24). MRGI5 specifically 
binds to H3-K36me3 and recruits RBP2, which 
depletes H3-K4me3 (24, 25), reminiscent of the 
chromatin signature found in the PTB-repressed 
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alternatively spliced regions of FGFR2. MRG15 
distribution along the PTB-dependent altema- 
tively spliced genes FGFR2, TPM2, TPMI, and 
PKM2, but not along the control gene CD44, 
mimicked H3-K36me3 distribution (Fig. 3, A and 
B,and fig. S11, A to C). Overexpression of MRG15 
was sufficient to force exclusion of the PTB- 
dependent exons but did not significantly alter 
the inclusion levels of CD44 exon v6 (Fig. 3, C 
and D, and S1ID-F). Conversely, knockdown of 
MRGIS, and its functionally redundant paralog 
MRGX, led to increased use of the PTB- 
dependent exons but did not affect CD44 AS 
(Fig. 3, E and F, and fig. S11, Gto 1). We conclude 
that the chromatin-binding protein MRGIS is a 
modulator of PTB-dependent alternative splice 
site selection. 

To delineate the mechanism of the chromatin- 
associated protein MRGIS in PTB-dependent 
AS, we tested the possibility that MRG15 may act 
by recruiting PTB to its target exons via physical 
interaction. Endogenous PTB coimmunoprecipi- 
tated endogenous MRGIS5 in both PNT2 and 
MSC cells, and reciprocally overexpressed tagged 
MRGIS interacted with PTB (Fig. 4, A and B). 
Consistent with a role for MRG15 in the recruit- 
ment of PTB, MRGIS5 associated with FGFR2 pre- 
mRNA, and its distribution mirrored that of PTB 
on the repressed exon IIIb in hMSCs, suggesting 
simultaneous ition of the two proteins with 
FGFR2 pre-mRNA (Fig. 4, C and D). As a control, 
the general splicing small nuclear ribonucleoprotein 
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‘Sm proteins associated uniformly with the FGFR2 
exon IIIb/IIlc region (Fig. 4E). 

To directly test whether MRGI1S is respon- 
sible for the accumulation of PTB on FGFR2 
pre-mRNA, MRGIS5 was overexpressed in PNT2 
cells. MRGIS expression forced the recruitment 
of PTB to its target FGFR2 exon IIb, inducing 
its repression (Figs. 4F and 3C). Consistent with 
a role for H3-K36me3 in PTB-mediated splice 
site selection, SET2 overexpression also induced 
PTB binding to FGFR2 exon IIb pre-mRNA in 
PNT? cells (Fig. 4G), concomitant with increased 
binding of MRGIS to FGFR2 chromatin (fig. 
S12) and exon IIb repression (Fig. 2B). The effect 
of SET2 on FGFR2 AS was MRG15-dependent, 
because down-regulation of MRGIS by RNAi 
blocked the SET2-dependent splice site shift in 
PNT? cells (Fig. 4, H and 1), demonstrating that 
the SET2 effect on AS is mediated via MRG15. 

To obtain an estimate of how many PTB- 
dependent AS events are regulated by H3-K36me3/ 
MRG15-—mediated recruitment of PTB, we car- 
ried out a genome-wide comparative analysis of 
AS using high-throughput cDNA sequencing in 
hMSCs depleted of either SETD2, MRG15, or 
PTB (26, 27). Depletion of PTB, together with 
its functional paralog neuronal PTB (nPTB), by 
RNA i led to changes (215% exon usage) in 447 AS 
events among 12,235 detected altemative exons 
(Fig. 5, A and B). Knockdown of MRGIS, to- 
gether with its paralog MRGX, resulted in changes 
in 186 AS events, and down-regulation of the 
H3-K36 methyltransferase SETD2 affected 186 
AS events. Sixty-five AS events were sensitive to 
both PTB and MRGIS depletion, representing 
~15% of PTB-dependent and 35% of MRG15- 
dependent events (Fig, 5, A and B). The majority 
(61 out of 65) of codependent splicing events 
changed in the same direction, further supporting 
a functional relationship between these two 
factors. In line with a role for H3-K36me3 in the 
regulation of AS, 41% of MRG15- and PTB- 
dependent splicing events were also sensitive to 
SETD2 down-regulation, with 96% of these co- 
dependent events changing in the same direction 
(Fig, 5C). The overlap between SETD2-dependent 
and MRG15/PTB codependent exons was statisti~ 
cally significant (P < 1.0 » 10°, hypergeometric 
test), and exons codependent on these factors were 
independently validated by RT-PCR assays (fig. 
S13, B to 1). MRGIS/PTB codependence was 
more pronounced for exons that display relative- 
ly moderate changes upon PTB depletion as com- 
pared to strongly PTB-dependent exons (Fig. 5A. 
and fig. S13A). Furthermore, MRG15/PTB code- 
pendent exons contained, on average, weaker PTB- 
binding sites than did strongly PTB-dependent 
exons (fig. $13A) (28). These results suggest that 
histone modifications preferentially modulate 
the splicing of alternative exons that are weakly 
regulated by PTB. 

Our results demonstrate a role for histone mod- 
ifications in AS control. We propose the existence 
of adaptor systems consisting of histone modifi- 
cations, a chromatin-binding protein that reads the 
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histone marks, and an interacting splicing reg- 
ulator (Fig. 5D). Such complexes are a means for 
epigenetic information to be transmitted to the pre- 
mRNA processing machinery and probably act 
by favoring the recruitment of specific splicing reg- 
ulators to the pre-mRNA, thus defining splicing 
outcome. We show here that for a subset of PTB- 
dependent genes, this adaptor system consists 
of H3-K36me3, its binding protein MRG1S, and 
the splicing regulator PTB. It is tempting to spec- 
ulate that other combinations of adaptor sys- 
tems exist that act on other types of alternatively 
spliced exons. Physical interaction between 
eral chromatin-associated proteins and splicing 
components has been reported (9, /4). Our results 
are in line with recent indirect evidence based on 
genome-wide mapping of histone modifications 
for a role for chromatin structure and histone 
modifications in exon definition and alternative 
splice site selection (5, /3, 15-19). 

Although our observations argue for a direct 
link between histone modifications and the splicing 
machinery, histone marks may also affect splice 
site choice indirectly. Extensive evidence dem- 
onstrates a role for RNA polymerase IT elonga- 
tion rate or higher-order chromatin structure in 
splicing outcome, and it is likely that histone 
modifications act in concert with these mecha- 
nisms (6-8, 10-12). Based on our findings, we 
propose that the epigenetic memory contained in 
histone modification patterns is not only used to 
determine the level of activity of a gene but also 


transmits information to establish, propagate, and 
regulate AS patterns during physiological pro- 
cesses such as development and differentiation. 
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Protein lysine acetylation has emerged as a key posttranslational modification in cellular regulation, 

in particular through the modification of histones and nuclear transcription regulators. We show that 
lysine acetylation is a prevalent modification in enzymes that catalyze intermediate metabolism. Virtually 
every enzyme in glycolysis, gluconeogenesis, the tricarboxylic acid (TCA) cycle, the urea cycle, fatty 

acid metabolism, and glycogen metabolism was found to be acetylated in human liver tissue. The 
concentration of metabolic fuels, such as glucose, amino acids, and fatty acids, influenced the acetylation 
status of metabolic enzymes. Acetylation activated enoyl—coenzyme A hydratase/3-hydroxyacyl-coenzyme 
A dehydrogenase in fatty acid oxidation and malate dehydrogenase in the TCA cycle, inhibited 
argininosuccinate lyase in the urea cycle, and destabilized phosphoenolpyruvate carboxykinase in 
gluconeogenesis. Our study reveals that acetylation plays a major role in metabolic regulation. 


rotein acetylation has a key role in the 
Presi of transcription in the nucleus 

(J), but much less is known about non- 
nuclear protein acetylation and its role in cellu- 
lar regulation. To investigate non-nuclear protein 
acetylation, we separated human liver tissues into 
nuclear, mitochondrial, and cytosolic fractions. 
Proteins in cytosolic and mitochondrial fractions 
were digested with trypsin and acetylated peptides 
were purified with an antibody to acetyllysine 


(fig. $1). The purified peptides were analyzed 
by tandem liquid chromatography-tandem mass 
spectrometry (LC/LC-MS/MS). From three in- 
dependent experiments, we identified more than 
1300 acetylated peptides, which matched to 1047 
distinct human proteins (table S1), including 703 
proteins not previously reported to be acetylated. 
A previous report identified 195 acetylated pro- 
teins from mouse liver (2), and 135 (70%) of 
these were also present in our data set (Fig. 1A), 


22. E. J. Wagner, M. A. Garcia-Blanco, Mol. Cell 10, 943 
(2002). 

23. R. Spellman, M. Llorian, C. W. ]. Smith, Mol. Cell 27, 420 
(2007). 

24, T. Hayakawa et al,, Genes Cells 12, 811 
(2007). 

25, P, Zhang et al., Nucleic Acids Res. 34, 6621 
(2006). 

26. Q, Pan et al., Mol. Cell 16, 929 (2004). 

27. Q. Pan, O, Shai, L. J. Lee, B. J. Frey, B. J. Blencowe, 
‘Nat. Genet. 40, 1413 (2008). 

28, D. Ray et al., Nat. Biotechnol. 27, 667 (2009). 

29. We thank J. Patton, D. Skalnik, B. Strahl, J. Steitz, 
D. Black, M. Garcia-Blanco, and H. Kimura for reagents; 
P. Scatfid for discussions; }. Calarco for validations; 
, Misquitta for technical assistance; H. Kosucu and Q. Mortis 
for advice on statistical analysis; and E. Tominaga for cel 
culture. This research was supported by the Intramural 
Research Program of NIH, the National Cancer Institute, the 
Center for Cancer Research (T.M), grants from the National 
Cancer Institute of Canada, Canadian Institutes of Health 
Research (grant MOP-67011) and Genome Canada 
(administered through the Ontario Genomics Insitute) to 
B.B,, NIAINIH grant RO AGO32134 (OMPS) to O.P.,, and 
American Heart Association grant 0765084Y to K.T. 
Complete RNA deep-sequencing data are available at the 
Gene Expression Omnibus (accession no, GSE19373), 


Supporting Online Material 
vw sciencemag.org/cgifcontent/fullscience.1184208/DC1 
Materials and Methods 

Figs. S1 to S13 

Tables $1 and $2 

References 

4 November 2009; accepted 17 December 2009 
Published online 4 February 2010; 
10.1126/science.1184208 

Include this information when citing this paper. 


indicating that our proteomic analysis reached a 
high degree of coverage. Choudhary et al. very 
recently reported the identification of 1750 acet- 
ylated proteins from a human leukemia cell line 
(3), but only 240 of these were present in our data 
set (Fig. 1A). Comparison of these three acet- 
ylome data sets indicates that the spectrum of 
acetylated proteins is highly conserved in the 
liver between mouse and human, but is very dif- 
ferent between liver and leukemia cells. 

We compared the acetylated proteins with the 
total liver proteome and discovered that enzymes 
that participate in intermediate metabolism were 
preferentially acetylated (Fig. 1B). Indeed, almost 
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every enzyme in glycolysis, gluconeogenesis, the 
TCA cycle, the urea cycle, fatty acid metabolism, 
and glycogen metabolism was acetylated (Fig. 1, 
C to G), The high occurrence of metabolic en- 
zymes identified in our MS analysis is apparently 
not due to the abundance of these proteins, be- 
cause only a few ribosomal proteins (7 of approx- 
imately 80 cytosolic ribosomal proteins) were 
acetylated (table $1). These results indicate a 
previously unrecognized and potentially exten- 
sive role of acetylation in regulation of cellular 
metabolism. Therefore, we investigated the effect 
of acetylation on representative enzymes from 
four metabolic pathways. 

Enoyl-coenzyme A hydratase/3-hydroxyacyl 
coenzyme A (EHHADH; EC code 1.1.1.35) cat- 
alyzes two steps in fatty acid oxidation (Fig. 1E) 
(4, 5), and its deficiency causes abnormal fatty 
acid metabolism (6). We identified four acety- 
lated lysine residues (Lys'®°, Lys'7', Lys™®, and 
Lys) in EHHADH (table $2). Immunopre- 
cipitation of ectopically expressed FLAG-tagged 
EHHADH and Western blotting with antibody 
to acetyllysine confirmed that EHHADH was in- 


Fig. 1. Acetylation of liver metabolic 
enzymes. (A) Comparison of three acet- 
ylation proteomic studies: this study and 
2, 3). (B) Preferential acetylation of en- { 


A 


This study 


deed acetylated. Its acetylation was enhanced by 
80% after treatment of cells with trichostatin A 
[TSA, an inhibitor of histone deacetylase (HDAC) 
Tand IT] and nicotinamide (NAM, an inhibitor of 
the SIRT family deacetylases) (Fig. 2A and fig. 
S2A). To quantify the acetylation of EHHADH, 
we used isobaric tags for relative and absolute 
quantitation (7TRAQ) MS of immunoprecipitated 
EHHADH. TSA and NAM treatment increased 
Lys'”! acetylation from 43.5% to 62% and Lys“° 
acetylation from 46.8% to 77.8% (Fig. 2B), respec- 
tively. Consistently, the corresponding unacetylated 
peptides were decreased by TSA and NAM treat- 
ment. These results show that a substantial portion 
of EHHADH is acetylated and that EHHADH 
acetylation can be dynamically regulated in vivo. 
To determine the effect of acetylation on en- 
zymatic activity, we treated cultured Chang hu- 
man liver cells with TSA and NAM and detected 
a doubling of endogenous EHHADH activity (Fig. 
2C). Similar observations were also made with 
ectopically expressed EHHADH in HEK293T 
cells (Fig. 2C, right panel). Acetylation of an 
EHHADH“*® mutant, which had the four puta- 
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tive acetylation lysine residues replaced by gluta- 
mine, was decreased (fig. S2C) and its activity 
was no longer regulated by TSA and NAM (Fig. 
2C). Addition of fatty acids to the culture medium 
increased acetylation and activity of EHHADH 
by factors of 1.7 and 1.3, respectively (Fig, 2D 
and fig. S2D), Thus, acetylation of EHHADH can 
be regulated by extracellular fuels; this finding 
supports a physiological role of acetylation in the 
regulation of EHHADH and fatty acid metabolism. 

Alll seven enzymes in the TCA cycle were 
acetylated (Fig. 1C and table $1), including malate 
dehydrogenase (MDH; EC code 1.1.1.37), in which 
four acetylated lysines were identified (Lys'*°, 
Lys™”', Lys*°”, and Lys*'*; tables $2 and $3), 
Ectopically expressed MDH was acetylated and 
its acetylation was increased by a factor of 2.4 in 
cells treated with TSA and NAM (Fig. 2E and 
fig. S2E). To quantify MDH acetylation, we per- 
formed Fourier transform ion cyclotron resonance 
(FTICR) MS. This approach identified the un- 
modified full-length MDH and two additional 
peaks, each with a mass increment of 42.01 dal- 
tons, corresponding to mono- and diacetylation 
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proteins to total liver proteins shows that 
acetylation is much more prevalent in Kirn of ay, 
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Fig. 2. Activation of EHHADH and MDH by acetylation. (A) Acetylation of EHHADH was increased by 
deacetylase inhibitors. Ectopically expressed and immunoprecipitated (IP) EHHADH was examined by 
‘immunoblotting (IB) with antibody to acetyllysine (ci-AcK). (B) Quantification of EHHADH acetylation 
by iTRAQ MS. Quantification of peptides was calculated on the basis of relative intensity of the TRAQ tags. 
(C) Activation of EHHADH in cells expose to deacetylase inhibitors. Data in this panel and subsequent 
figures are from triplicate experiments. (D) Fatty acid induced EHHADH acetylation and activity. Acet- 
ylation and activity of EHHDH ectopically expressed in HEK293T cells were monitored. (E) MDH acety- 
lation. MDH-Myc was expressed in HEK293T cells and acetylation was determined by immunoblotting. (F) 
Quantitative MS analysis of MDH. FLAG tagged MDH was overexpressed in HEK293T cells and purified by 
immunoprecipitation. Eluted intact MDH proteins were analyzed by FTICR MS. (G) Glucose enhances MDH 
acetylation. (H) Activation of MDH by acetylation. The activity of endogenous and ectopically expressed 
MDH from Chang and HEK293T cells, respectively, were assayed and normalized against actin. (I) 
Inactivation of MDH by in vitro deacetylation. Immunoprecipitated MDH was incubated with or without 
CobB deacetylase and activity was assayed. NAD, an essential cofactor for CobB, was omitted as a negative 
control. (J) Activation of MDH by glucose. Experiments were similar to (H) except cells were treated with 
glucose. 


(Fig. 2F). When cells were treated with TSA and 
NAM, MDH acetylation was increased from 26.9% 
to 67.4% with the appearance of tri- and tetraacet- 
ylated forms. Subsequent MS/MS analysis con- 
firmed three of four previously identified acetylation 
sites (fig. S2F and table $1). These data indicate that 
tylation is the predominant form of modifica- 
tion and that a substantial fraction of MDH can 
be acetylated in the cell. 

Exposure of cells to high concentrations of 
glucose enhanced MDH acetylation by 60% (Fig. 
2G and fig, S2G). Inhibition of deacetylase dou- 
bled endogenous MDH activity in Chang liver 
cells (Fig. 2H). Consistently, treatment with TSA 
and NAM activated the wild-type MDH but not 
the MDH**® mutant, in which the four acetyla- 
tion lysine residues were replaced with arginine, 
in transfected HEK293T cells (Fig. 2H). Further- 
more, in vitro deacetylation of immunopurified 
MDH by CobB deacetylase decreased MDH1 
activity (Fig. 21), indicating that acetylation di- 
rectly activates MDH. Moreover, high glucose 
concentrations stimulated enzyme activity of both 
endogenous and ectopically expressed MDH but 
had little effect on the MDH**® mutant (Fig. 2). 
These observations indicate that glucose-induced 
activation of MDH is mediated at least in part 
through acetylation, 

The urea cycle is indispensable for detoxifica- 
tion of ammonium, a product of amino acid catab- 
olism. Mutations in argininosuccinate lyase (ASL; 
EC code 4.3.2.1) cause argininosuccinic aciduria, 
the second most common neonatal disorder due 
to urea cycle malfunction in humans (7), We iden- 
ae two acetylated peptides in ASL—Lys® and 

ys**’ (Fig. IF and table S2)—and confirmed the 
pee Si of ectopically expressed ASL (Fig, 3A 
and fig. $3), Westem blotting with an antibody 
to acetylated Lys™*® showed a factor of 2.8 increase 
of ASL Lys*** acetylation in cells treated with 
TSA and NAM (Fig. 3B and fig. S3B). Addition 
of extra amino acids decreased both total and 
Lys*** acetylation (Fig. 3C and fig, $3C). An 
enzymatic assay showed that ASL activity de- 
creased in cells treated with TSA and NAM 
treatment but increased in cells exposed to amino 
acids, supporting an inhibitory effect of acetyla~ 
tion on ASL activity (Fig. 3, D and E), The 
tivity of the Lys™** — Arg mutant ASL*?**® w; 
refractory to inhibition by TSA and NAM i ig. 
3D) or activation by amino acids (Fig, 3E). The 
ASL?*88 mutation did not alter global protein 
structure, as determined by limited proteolysis and 
circular dichroism analyses (fig. $3, D and E). 
Therefore, extra amino acids appear to activate 
ASL by decreasing acetylation of Lys***, 

The urea oupled with the TCA ¢: 
because fumarate generated from the urea cycle 
can be fed into the TCA cycle for energy produc- 
tion or gluconeogenesis (8). We therefore deter- 
mined the effect of glucose on ASL activity and 
acetylation. Glucose increased acetylation of ASL 
by a factor of 2.7 (Fig. 3F and fig. S3F) and 
decreased activity of ASL by 50% (Fig. 3G). In 
vitro incubation of ASL immunopurified from 
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mammalian cells with CobB deacetylase increased 
ASL activity (Fig. 3H), supporting a direct role of 
acetylation in ASL inactivation. The dual regu- 
lation of ASL by both amino acids and glucose 
indicates that acetylation may have an important 
role in the coordination of metabolic pathway: 
In the presence of sufficient glucose, amino ac’ 
catabolism for energy production and gluconeo- 
genesis would be inhibited. In the presence of 
abundant amino acids and low glucose, cells would 
switch to using amino acids for energy production 
with enhanced urea cycle activity, Cells may use 
acetylation to coordinate multiple pathways in 
order to achieve these metabolic adaptations 

Phosphoenolpyruvate carboxykinase | (PEPCK 
EC code 4.1.1.32) is a key regulatory enzyme in 
gluconeogenesis (Fig. 1D) (9, 10). Three acetylated 
lysine residues were identified in PEPCK1 by MS 
analysis (Lys”, Lys”', and Lys™; table $2). Acet- 
ylation of PEPCK 1 was enhanced in cells treated 
with high concentrations of glucose (Fig. 4A) but 
was decreased by addition of amino acids in glucose- 
free medium (Fig. 4B). These results suggest a po- 
tential mechanism by which cells could regulate 
gluconeogenesis through regulating acetylation 
of PEPCK1 in response to the availability of 
extracellular fuels. 

In searching for an effect of acetylation on the 
regulation of PEPCK1, we noticed that levels of 
endogenous PEPCK | protein were decreased by 
high glucose (Fig. 4C). Furthermore, treatment 
with TSA and NAM caused a 70% reduction in 
the amount of PEPCK] protein in both HEK293T 
and Chang liver cells (Fig. 4D). PEPCK1 was sta- 
ble in cells in glucose-free medium but unstable 


in high-glucose medium (Fig. 4E). When cells 
were treated with TSA and NAM, PEPCK was 
unstable even in glucose-free medium or in the 
presence of amino acids. These results indicate that 
acetylation may regulate the stability of PEPCK 1. 
We replaced the three putative acetylation lysine 
residues by arginine (PEPCK 1°**) or glutamine 
(PEPCK1°*2) to abolish or mimic acetylation, 
respectively. The PEPCK 1°*® mutant was more 
stable than the wild type, whereas the PEPCK 1°*° 
mutant remained unstable (Fig. 4F). Moreover, 
treatment of cells with TSA and NAM failed to 
destabilize the PEPCK1*** mutant. 

The importance of lysine acetylation in the 
regulation of chromatin dynamics and gene ex- 
pression is well appreciated. Our study and others 
extend the scope of cell regulation by lysine acet- 
ylation to an extent comparable to that of other 
major posttranslational modifications such as phos- 
phorylation and ubiquitination. We show that most 
intermediate metabolic enzymes are acetylated and 
that acetylation can directly affect the enzyme ac- 
tivity or stability. We found that acetylation of 
metabolic enzymes changed in response to the 
alterations of extracellular nutrient availability, pro- 
viding evidence for a physiological role of dy- 
namic acetylation in metabolic regulation. The 
mechanism of acetylation in regulating metabo- 
lism may be conserved during evolution. Many 
metabolic enzymes in Escherichia coli are acet- 
ylated, although the functional importance of these 
acetylations has not been investigated (//). We 
propose that lysine acetylation is an evolutionarily 
conserved mechanism involved in regulation of 
metabolism in response to nutrient availability 


and cellular metabolic status. Acetylation may 
play a key role in the coordination of different 
metabolic pathways in response to extracellular 
conditions. 
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Acetylation of Metabolic Enzymes 


Coordinates Carbon 
and Metabolic Flux 


Qijun Wang,” Yakun Zhang,” Chen Yan 
Wei Zhao,’ Yufeng Yao, Zhi-Bin Nini 
Shimin Zhao,”** Guo-Ping Zhao™?>** 


Source Utilization 


3 Hui Xiong,” Yan Lin,* Jun Yao,* Hong Li,? Lu Xie,? 
Rong Zeng,* Yue Xiong,** Kun-Liang Guan,*” 


Lysine acetylation regulates many eukaryotic cellular processes, but its function in prokaryotes is largely 
unknown. We demonstrated that central metabolism enzymes in Salmonella were acetylated extensively 
and differentially in response to different carbon sources, concomitantly with changes in cell growth 
and metabolic flux. The relative activities of key enzymes controlling the direction of glycolysis 
versus gluconeogenesis and the branching between citrate cycle and glyoxylate bypass were all 
regulated by acetylation. This modulation is mainly controlled by a pair of lysine acetyltransferase 
and deacetylase, whose expressions are coordinated with growth status. Reversible acetylation of 
metabolic enzymes ensure that cells respond environmental changes via promptly sensing cellular 
energy status and flexibly altering reaction rates or directions. It represents a metabolic regulatory 


mechanism conserved from bacteria to mammals. 


rotein lysine acetylation regulates wide 
range of cellular functions in eukaryotes, 
especially transcriptional control in the 


nucleus (/, 2). It also plays an extensive role in 
regulation of metabolic enzymes through vari- 


ous mechanisms in human liver (3). In prokary- 
otes such as Salmonella enterica, reversible lysine 
acetylation is known to regulate the activity of 
acetyl-coenzyme A (CoA) synthetase (4). To de- 
termine how lysine acetylation globally regulates 


the metabolism in prokaryotes, we determined the 
overall acetylation status of S. enterica proteins 
under either fermentable glucose-based glycolysis 
or under oxidative citrate-based gluconeogenesis. 
By immunopurification of acetylated peptides with 
antibody to acetyllysine and peptide identification 
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Fig. 1. Acetylation of 
central metabotic enzymes 
in S. enterica. (A) Global 
acetylation of S. enterica 
enzymes of central me- 
tabolism. Colored boxes 
represent both genetic 
and growth status with 
arrows inside to indicate 
changes in acetylation 
estimated by counting 
number of positive hits 
from MS analyses. Com- 
parisons were made for 
wild-type (WT) cells grown 
with either glucose (red 
box) or citrate (white) as 
the sole carbon source, 
and for WT cells (yellow) 
and Apat (gray), both 
grown on LB. Black boxes 
indicate that acetylated 
peptide was not detected. 
(B) SILAC quantification of 
relative acetylation. Acet- 
ylation of WT cells grown 
with glucose (WT,j,) or 
citrate (WT), Apat grown 
with glucose (pat,,), and 
AcobB grown with glu- 
cose (cobBy,) or citrate 
(cobB ,,) were quantified 
by SILAC. Relative acetylation is presented with the top mean value (n = 3) of each pair set as 1 arbitrarily. ND indicates not detectable. Full names of 
abbreviations used in this figure are available in supporting ontine material (SOM) text. 
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Fig. 2. Growth phenotypes of Apat and AcobB. (A) WT (black), Apat (blue), AcobB 
(red), or Apat/AcobB (green) strains were grown in minimal medium with indicated 
concentrations of glucose (left) or citrate (right). O.D. indicates optical density. (B) 
Growth curves of WT S. enterica in minimal medium containing glucose (red) or 
citrate (blue) with (4) or without (@) NAD*. (C) In vivo metabolic flux profiles in 5. 
enterica during growth on glucose or citrate. Intracellular flux distribution was 
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determined by “°C labeling and GC-MS analysis. Arrows indicate the direction of 
net fluxes, and their widths are scaled to the flux values. (D) Altered metabolic flux 
ratio of Apat and AcobB. Flux profiles through glycolysis (represented by Veapa), 
gluconeogenesis (Vaca), glyoxylate bypass Wace), and TCA flux (Vicoy) were 
quantitated and used for calculating Veapa/Vdéa and VacealVicon flux ratio. Data 
shown are mean values of three independent measurements with SD. 
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by mass spectrometry analyses, we identified a 
total of 235 acetylated peptides that matched to 
191 proteins in S. enterica. About 50% of the 
acetylated proteins participated in multiple meta- 
bolic pathways (tables $1 and S2), and about 90% 
of the enzymes of central metabolism were 
acetylated (Fig. 1A). Stable isotope labeling with 
amino a in cell culture (SILAC) quantitative 
analysis showed that, among 15 enzymes that 
had ‘altered acetylation in response to different 
carbon sources, all showed greater acetylation in 
cells grown in glucose than in cells grown in 
citrate (Fig. 1B), consistent with our estimations 
based on numbers of repetitive detection of acet- 
ylated fragments (Fig, 1A). 

The abundant acetylation of metabolic en- 
zymes and the concerted changes in acetyla- 
tion dependent on carbon source indicate that 
acetylation may mediate adaptation to various 
carbon sources in S. enterica, which has only 
one major bacterial protein acetyltransferase, 


Fig. 3. Regulation of central 
metabolic enzymes by acetyla- 
tion. (A) Acetylation of metabolic 


A 


Expression Strain 


enzymes expressed in AcobB and Coomassie} 
Apat strains. His-tagged GapA, a-AcK | 
AceA, or AceK proteins were over- r 

expressed in the WT, AcobB, Coomenee 
and Apat strains and purified to Ack 
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of each protein were used and 
acetylation was determined. 
SDS PAGE indicates SDS poly- 
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acrylamide gel electrophoresis. (B and C) GapA, AceA, and AceK activities 


by Pat-mediated acetylation and CobB-mediated di 
GapA, AceA, and AceK proteins were purified from 


jected to in vitro acetylation by Pat or deacetylation by CobB. (B) Reciprocal 


Pat, and one nicotinamide adenine dinucleotide 
(NAD”)-dependent deacetylase, CobB (4, 5) (fig. 
$1). Acetylation of central metabolic enzymes in 
a pat null mutant (Apart) was reduced, whereas 
acetylation of these enzymes was clevated in a 
cobB null mutant (AcobB) compared with that 
of the wild-type strain when grown in glucose 
(Fig. 1B). When grown in citrate, the acetylation 
of metabolic enzymes in AcobB cells was also 
increased over the wild-type cells (Fig. 1B). On 
the other hand, there was no change in acety- 
lation of ribosomal proteins in either AcobB or 
Apat cells (Fig. 1B), supporting the notion that 
Pat and CobB are the major enzymes responsi- 
ble for the rever tylation of central meta- 
bolic enzymes in S. enterica. 

A physiological role of enzyme acetylation 
in mediating cellular adaptation to different 
metabolic fuels was suggested by the different 
growth properties of wild-type, Apat, or AcobB 
strains grown on different carbon sources (Fig. 
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2). The AcobB cells (with increased acetylation) 
grew faster than wild-type cells in minimal glu- 
cose medium but grew slower than wild-type cells 
in minimal citrate medium (Fig. 2A), whereas 
the Apat cells (with decreased acetylation) had 
the opposite growth properties (Fig. 2A). The 
Apat/AcobB double mutant behaved similarly to 
the Apat strain, consistent with the notion that 
the CobB deacetylase would have no effect on 
target proteins if they were not acetylated by 
Pat (Fig. 2A). Treatment of wild-type cells with 
nicotinamide (NAM), an inhibitor for CobB. 
(6), like cobB mutation, suppressed cell growth 
in the citrate-containing minimal medium but 
had little effect on cell growth in minimal me- 
dium containing glucose (Fig. 2B), consistent 
with the fact that metabolic enzyme acetylation 
is higher in S. enterica when cells grow on glu- 
cose (Fig. 1). 

We tested the regulatory role of Pat and CobB 
in coordinating carbon source adaptation by mea- 
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Fig. 4. Differential tran- 
scription of pat and cobB 
‘in response to metabolic 
status and various car- 
bon sources. 5. enterica 
cells were incubated in 
LB and then washed and 
transferred into minimal 
medium containing 50 
mM glucose or citrate. 
Cells were sampled at 
indicated growth phases. 
(A) Growth curve (a); 


pat and cobB mRNA amounts normalized against 165 rRNA (b and c); ratio of 
pat mRNA/cobB mRNA (d). (B) Changes of Pat and CobB protein concentrations 
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suring in vivo metabolic flux profiles with °C- 
labeled glucose or citrate as the tracer followed 
by gas chromatography-mass spectrometry (GC- 
MS) analysis (7, 8). The overall metabolic flux 
profiles in S. enterica showed distinct pattems 
during growth on glucose or citrate (Fig. 2C). The 
glyoxylate bypass was activated, and the carbon 
flow favored gluconeogenesis when cells were 
grown on citrate, We also quantitatively compared 
the flux profiles through glycolysis (Vp), gluco- 
neogenesis (vpa), tticarboxylic acid (TCA) 
cycle (Vicon), and glyoxylate bypass (Vace) of 
the wild-type, Apat, and AcobB strains to assess 
the relation between metabolic flux profiles and 
acetylation status. When cells were grown in the 
presence of glucose, the AcobB strain had 2.07- 
fold greater glycolysis/gluconeogenesis flux ratio 
than the Apat strain had (Fig. 2D), whereas the 
glycolysis/gluconeogenesis flux ratio of the wild- 
type strain was 47% lower than that of the AcobB 
strain but 40.7% higher than that of the Apat 
strain (Fig. 2D). When cells were grown in the 
presence of citrate, the Apat strain had 2.21-fold 
greater glyoxylate bypass/TCA flux ratio than 
that of the AcobB strain (Fig. 2D), whereas the 
glyoxylate/TCA flux ratio of the wild-type strain 
was 55% lower than that of the Apat strain but 
43% higher than that of the AcobB strain (Fig. 
2D). These results and the effect of glucose on 
acetylation of metabolic enzymes (Fig. 1) indicate 
that carbon source-associated acetylation may 
affect the relative activities of metabolic enzymes 
and thus modulate metabolic flux profiles. 

Direct evidence of acetylation-mediated reg- 
ulation for central metabolic enzymes was derived 
from biochemical studies with three enzymes 
(table SI): the glyceraldehyde phosphate de- 
hydrogenase (GapA), which channels glycolysis 
or gluconeogenesis flux bidirectionally, as well 
as the isocitrate lyase (AceA) and the isocitrate 
dehydrogenase (ICDH) kinase’phosphatase (AceK), 
both of which control the flux distribution of 
isocitrate between the energy-generating TCA 
cycle and the gluconeogenesis-requiring glyox- 
ylate pathway when only an oxidative carbon 
source (such as citrate) is available (9). Anti- 
acetylysine immunoblot showed that all three 
enzymes had increased acetylation in the AcobB 
strain (Fig. 3A). Acetylation of these three en- 
zymes decreased to various degrees in the Apat 
strain. The remaining acetylation detected in the 
Apat strain may reflect the presence of other 
acetyltransferases (fig. $1). All these enzymes 
were more heavily acetylated in cells grown in 
minimal media with glucose than those grown 
with citrate (fig. $4). These observations con- 
firmed that GapA, AceA, and AceK are under 
regulation of Pat and CobB. 

To demonstrate a direct effect of acetylation 
‘on enzyme activity, we purified recombinant Pat 
and CobB protein and treated GapA, AceK, and 
‘AceA enzymes in vitro (fig, S2). Increasing GapA 
acetylation by Pat acetylase treatment increased 
its glycolysis activity by 100%, whereas its ac- 
tivity in promoting gluconeogenesis was inhib- 
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ited by more than 30% (Fig. 3B), supporting the 
notion that acetylation stimulates glycolysis but 
inhibits gluconeogenesis. Consistently, in vitro 
deacetylation of GapA by CobB caused a 30% 
increase in gluconeogenic activity but a 27% de- 
crease in glycolytic activity (Fig. 3B). The in- 
crease of AceA acetylation by in vitro treatment 
with Pat (Fig. 3C) or acetylation-mimicked muta- 
tion (fig. S3) led to 30% and 20% loss in AceA- 
specific activity, respectively. In vitro deacetylation 
of AceA by CobB, on the other hand, led to a 
24% increase in AceA-specific activity (Fig. 3C). 
The activity of AceK was measured by its ability 
to inactivate its native substrate, ICDH, which cata- 
lyzes the conversion of isocitrate to a-ketoglutarate. 
In vitro acetylation of AceK by Pat led to a 60% 
reduction of its ability to inactivate ICDH (by 
phosphorylating ICDH), whereas in vitro deacet- 
ylation of AceK by CobB increased AceK’s abil- 
ity to inactivate ICDH (Fig. 3C), suggesting that 
acetylation may activate the phosphatase activity 
of AceK toward ICDH, consistent with the fact 
that both acetylation and the acetylation mimetic 
mutation of AceK activated the phosphorylated 
ICDH (figs. S4 and S5). Together, these results 
demonstrate that activities of GapA, AceA, and 
AceK enzymes are regulated through acetylation, 
which in tum may direct the flux direction toward 
glycolysis or gluconeogenesis or the distribu- 
tion of isocitrate between the TCA cycle and 
glyoxylate bypass. 

‘We also investigated the expression of pat and 
cobB genes in cells grown on different carbon 
sources. Real-time reverse transcription poly- 
merase chain reaction (PCR) analysis, using 16S 
ribosomal RNA (rRNA) as the internal control, 
revealed that both pat and cobB genes were more 
actively transcribed during log phase growth than 
other growth phases when cells were grown in 
the presence of either glucose or citrate (Fig. 4A). 
Accordingly, the concentrations of Pat and CobB 
proteins were increased (fig. S6 and Fig. 4B). 
During the stationary phase, cells that grew in 
the presence of either glucose or citrate had sim- 
ilar ratios of pat MRNA/cobB mRNA. However, 
when rich medium-incubated cells were trans- 
ferred to minimal medium containing glucose, 
acetylation peaked at mid-log phase (Fig. 4A), 
whereas if they were transferred to minimal me- 
dium containing citrate, acetylation decreased 
in both prelog and early log phases before it 
returned to basal level in late log and stationary 
phases (Fig. 4A). The lower amount of cellular 
acetylation was apparently needed for efficient 
utilization of citrate. These results indicate that 
the expression (and probably total cellular ac- 
tivities) of Pat and CobB are regulated differ- 
entially in response to different carbon sources, 
although its underlying mechanism is yet to be 
revealed. 

The central metabolic pathways constitute 
the backbone of cell metabolism. Such pathways 
use various carbon sources to provide building 
blocks, cofactors, and energy for cell growth. For 
cells to respond flexibly and promptly to avail- 
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ability of environmental carbon sources, the di- 
rections and/or rates of the metabolic reactions 
need to be modulated concomitantly and glob- 
ally. Transcription regulations merely adjust the 
amount of metabolic enzymes in a unidirectional 
manner, whereas allosteric effects only modu- 
late the catalytic activities of individual enzymes 
responsible for specific reactions of metabolic 
pathways (/). We have found a potential reg- 
ulatory circuit coordinating the carbon flow of S. 
enterica central metabolism by reversible acet- 
ylation. Acetylation uses acetyl-CoA and NAD‘, 
two molecules that directly involved both in me- 
tabolism and energy sensing, as substrates, pro- 
vides unparallel advantages in sensing cellular 
energy status, and thus could fit the role for 
global metabolic modulation. The identifica- 
tion of extensively acetylated metabolic enzymes 
in both human and prokaryotes and reports of 
broad metabolic regulatory roles of this mod- 
ification (//-/6) indicate that reversible lysine 
acetylation may represent an evolutionarily con- 
served mechanism of metabolic regulation in 
both eukaryotes and prokaryotes. 
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Significant Acidification in Major 


Chinese Croplands 
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Soil acidification is a major problem in soils of intensive Chinese agricultural systems. We used two 
nationwide surveys, paired comparisons in numerous individual sites, and several long-term 
monitoring-field data sets to evaluate changes in soil acidity. Soil pH declined significantly 

(P < 0.001) from the 1980s to the 2000s in the major Chinese crop-production areas. Processes 
related to nitrogen cycling released 20 to 221 kilomoles of hydrogen ion (H*) per hectare per year, 
and base cations uptake contributed a further 15 to 20 kilomoles of H* per hectare per year to 
soil acidification in four widespread cropping systems. In comparison, acid deposition (0.4 to 
2.0 kilomoles of H* per hectare per year) made a small contribution to the acidification of 


agricultural soils across China. 


cidification can alter the biogeochemis- 
Ae of ecosystems and adversely affect 

biota (/, 2). Poorly buffered freshwater 
systems have been changed substantially by an- 
thropogenic acidification (3), mostly by sulfuric 
and nitric acids, and the surface ocean has acid- 
ified measurably from increased carbon dioxide 
(CO) in the atmosphere, raising concerns about 
marine biodiversity and ecosystem function (4-6). 
Anthropogenic acidification of soils has received 
less attention. Soils are strongly buffered by ion 
exchange reactions, by the weathering of soil min- 
erals, and (in the acidic range) by interactions with 
aluminum (Al) and iron (7). Soils acidify very 
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slowly under natural conditions over hundreds to 
millions of years. Old soils and soils in high- 
rainfall regions tend toward greater acidity (8). 
Naturally acid soils occupy approximately 30% 
of the world’s ice-free land and are commonly 
associated with phosphorus (P) deficiency, Al 
toxicity, and reduced biodiversity and produc- 
tivity (9). 

Chinese agriculture has intensified greatly 
since the early 1980s on a limited land area with 
large inputs of chemical fertilizers and other 
resources. Grain production and fertilizer nitro- 
gen (N) consumption reached 502 million and 
32.6 million tons nationally in 2007, respectively. 
increases of 54 and 191% as compared with 1981 
(10). High levels of N fertilization can drive soil 
acidification both directly and indirectly (//—/3), 
and the rates of N applied in some regions are 
extraordinarily high (/4) as compared with those 
of North America and Europe (/5). These have 
degraded soils and environmental quality in the 
North China Plain (/6) and in the Taihu Lake 
region in south China (/4). Here, we investigate 


whether they also cause significant soil acidifi- 
cation at a national scale. 

‘A national soil survey was conducted during 
the early 1980s, and pH was determined in all 
topsoils that were sampled (/7). For comparison, 
we collected all published data (/3) on topsoil pH 
from 2000 to 2008 and compiled two (unpaired) 
data sets (1980s versus 2000s) on the basis of six 
soil groups according to geography and use, with 
two subgroups per soil group: cereal crops and 
cash crops (tables $1 and S2 and fig. $1) (73), In 
China, both systems receive very high nutrient 


crops (such as greenhouse ve; 
which have developed rapidly since the 1980s 
(19). 

The results reveal significant acidification of 
all topsoils (average pH declines for the soil 
groups of 0.13 to 0.80) except in the highest-pH 
soils, which represent only a small percentage of 
Chinese cultivated soils (table $1). In all other 
soil groups, acidification has been greater in cash 
crop systems (pH decreased by 0.30 to 0.80) than 
under cereals (0.13 to 0.76) (Table 1). These are 
substantial changes. The pH scale is logarithmic 
and a pH decrease of 0.30 corresponds to a 
doubling in hydrogen ion (H’) activity. 

Soils in group I [for example, leached red 
soils (Argi-Udic Ferrosols) and yellow soils (Ali- 
Periudic Argosols)] are the most acidic in south 
China and have acidified further since the 1980s, 
with pH declines of 0.23 and 0,30 (P< 0,001) in 
cereal and cash crop systems, respectively (Table 1). 
Although net pH decreases for group T soils were 
small as compared with those of other groups, the 
impact may be more pronounced because these 
soils are approaching pH values at which poten- 
tially toxic metals such as Al and manganese (Mn) 
could be mobilized (20, 2/). 

At the other extreme, soils in group V [main- 
ly fluvo-aquic soils (Ochri-Aquic Cambosols), 
which are widely distributed in north China] are 


Table 1. Topsoil pH changes in major Chinese croplands between the 1980s and 2000s. The soil groups are defined in (23). NS, not significant; pH 


range is an average (5 to 95 percentile). 


1980s 2000s 
Cereal crop systems* Cash crop systemst 
Soil group Sample number pH value 
Sample number pH value pH change Sample number pH value _pH change 

5.37 5.14 5.07 

' ae (4.40-6.60) baad (4.17-6.52) 0.234 ad (3.93-6.44) 0.304 
6.33 6.20 5.98 

iy ae (5.00-8.04) oe (5.00-7.70) 434 a (458-749) 0354 
6.42 5.66 5.62 

Mt oF (4.50-8.30) ett (4.27-8.06) 0-76 7 (427-773, 0 80F 
6.32 6.00 5.60 

bs 562 (5.10-7.89) fol (4.84-7.60) 82 238 (4.07-7.42) 0.724 
7.96 7.69 7.38 

. 7 (6.39-8.80) a (5.37-8.70) aO2T¢ on (5.69-8.20) Bias 
8.16 8.16 8.17 0.01 (ns) 

M ae (7.10-8.80) 200 (7.49-8,82) 0.00 (ns) ad (7.43-8.93) 

*Cereab/iber crops (such as rice, wheat, maize, and cotton). _fHigh-input cash crops (such as vegetables, fruit trees, and tea). $P < 0.001. 
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considered resistant to acidification because of 
their relatively high CaCO, content (5 to 10%). 
However, they have also acidified significantly 
(P < 0.001), with pH decreases averaging 0.27 
and 0.58 under cereals and cash crops, respec 
tively. The pH decline in group V is small compared 
with those of groups III and TV (Table 1) (/3) but 
probably resulted in substantial loss of CaCO. 
Therefore, soil pH decline might be expected to 
accelerate in the future. 

The broad-scale comparative results are 
supported by data from 154 agricultural fields, 
in which strictly paired data were available from 
the same sites in the 1980s and the 2000s (/3). 


Fig. 1. Topsoil pH changes from 154 9.00, 
paired data over 35 sites in seven Chinese 95% nat 05% 
provinces between the 1980s and the 8.00} 
2000s. The line and square within the 
box represent the median and mean X 7.00 
values of all data; the bottom and top 2 
edges of the box represent 25 and 75 B goo) 
percentiles of all data, respectively; and 
the bottom and top bars represent 5 and 5.00 <8 
95 percentiles, respectively. ‘ 5% 
4.00 
19805 2000s 


Paired ¢ tests show that these topsoils were 
significantly (P < 0.001) acidified, with an 
average pH decline of 0.50 (Fig. 1). Topsoil pH 
in 53.2% of the sites decreased by over 0.50, 
18.2% by 0.30 to 0.50, and 18.9% by 0 to 0.30; 
only 9.7% of the sites increased in pH. The paired 
national data strongly support widely occurring 
soil acidification in Chinese croplands. 

We also summarized information from 10 
long-term monitoring field (LTMF) sites in 
which soil pH was measured regularly over an 
8- to 25-year period (/3). Decreases in pH were 
substantial, from 0.45 to 2.20 (Fig. 2). We found 
significant soil acidification occurred only in 


Fig. 2. Long-term changes 


in topsoil pH in some typi- A 8.00 
cal Chinese soils. (A) Groups Sa 
| to Ill. (B) Groups IV and V 700 


received conventional rates 
of NPK fertilizers for 8 to z 


25 years. Soil groups are + 6.90} 
described in (13). Dataare ° 
means + SD. 8 ut 
5.00} YY ] Lab 
\P Group I-1 ~~ Group IV-4 
4.00 —o— Group —o— Group IV-2 
—e— Group I+ —— Group V-1 
—?— Group II —2~ Group V-2 
baat , 1, > Gyoup Itt si SOP VS. 
0 5 10 15 20 25 0 5 10 15 20 25 
Cropping year (yr) Cropping year (yr) 
Fig. 3. H* production budget of main _ 260 
factors in four typical Chinese cropping "s N cycling 
systems. W-M, wheat-maize; R-W, ricee ~ 240 S uptake 
wheat; R-R, rice-rice; and G-V, greenhouse © (25) P uptake 
vegetables. N cycling, 5 uptake, and Pup- © 220, ea lees 
take denote the H produced by N cycling =< 
and S and P uptake processes. BCs uptake 
‘indicates H released by BCs uptake. NetH = 
production is the algebraic sum of Hre- =. 
sulting from N cycling and P, S, and BCs 
uptake. Data are means * SD. S 
xr 
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R-W 
Cropping system 


RR 


REPO! 


NPK (conventional fertilization) plots (P < 
0.001), whereas soil pH did not show obvious 
change in CK (no fertilization) and Fallow (no 
fertilization and no crop) plots (fig. $2) (/3). 

Further analysis shows that recent soil acid- 
ification in China has resulted mainly from 
high-N fertilizer inputs and the uptake and 
removal of base cations (BCs) by plants. In the 
three major Chinese double-cropping cereal 
systems (wheat-maize, rice-wheat, and rice-rice), 
annual N fertilizer rates are usually above 500 kg 
Nha’! with N use efficiencies of only 30 to 50% 
(table $3). Calculations based on inputs and 
outputs of ammonium and nitrate N indicate that 
N loading contributes 20 to 33 kmol H" ha ! 
year ' of proton generation in th lems 
(Fig. 3 and table $3), Greenhouse vegetable sys 
tems, the major cash crops, receive even higher N 
fertilizer inputs; in Shandong province, N fer- 
tilizer rates above 4000 kg N ha! year ' are com- 
mon with N use efficiencies below 10% (22, 23). 
Under this management, about 220 kmol IT" ha ! 
year ' of potential acidity accumulates in each 
hectare of soil (Fig. 3 and table $3). The proton 
generation related to N cycling (20 to 221 kmol 
H™ ha! year ') in China is extremely high as 
compared with values (1.4 to 11.5 kmol H” ha ! 
year ') at lower N fertilizer rates in other regions 
(24). 

Plant uptake of BCs together with removal of 
economic yields and crop residues from fields is 
another driver of soil acidification because the net 
removal of excess cations over anions leaves 
behind equivalent H” released to the soil. At 
current fertilization levels, approximately 25 tons 
of dry biomass (grain and stalk) (table $4) is 
harvested annually in the three double-cropping 
systems, leading to an estimated H” production 
rate by BCs uptake of 15 to 20 kmol H™ ha ! year ' 
(Fig. 3 and table $3), In greenhouse vegetable sys- 
tems, the importance of BCs uptake varies greatly 
with plant species and yield but overall appears 
similar to the cereal systems. 

Increasing N fertilizer applications has been a 
major management technique driving high crop 
yields, which in tur increase the removal of 
BCs. These factors combined have produced 
potential acidity equivalent to 30 to 50 kmol H™ 
ha' year ' in double-cropping cereal systems 
and ~230 kmol H’ ha! year ' in greenhouse 
vegetable systems (Fig. 3). Although acid dep- 
osition is an important regional environmental 
problem in China, strongly affected areas with a 
precipitation pH of 4.00 to 5.60 (25) receive 0.4 
to 2.0 kmol H" ha! year ', much of which is 
buffered by other depositional or soil processes. 
Overall, anthropogenic acidification driven by N 
fertilization is at least 10 to 100 times greater than 
that associated with acid rain (/3, Fig. 3). In other 
regions, serious acidification was found in the 
long-term (NH,):SO,-treated Park Grass soils at 
Rothamsted in England when no lime was ap- 
plied to buffer soil acidity (26), and Wallace (27) 
reported soil acidification from routine fertiliza- 
tion practices for crop production. 
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Antibiotics with new mechanisms of action are urgently required to combat the growing health 
threat posed by resistant pathogenic microorganisms. We synthesized a family of peptidomimetic 
antibiotics based on the antimicrobial peptide protegrin |, Several rounds of optimization gave a 
lead compound that was active in the nanomolar range against Gram-negative Pseudomonas spp., 
but was largely inactive against other Gram-negative and Gram-positive bacteria. Biochemical 
and genetic studies showed that the peptidomimetics had a non—membrane-lytic mechanism of 
action and identified a homolog of the B-barrel protein LptD (Imp/OstA), which functions in 
outer-membrane biogenesis, as a cellular target. The peptidomimetic showed potent antimicrobial 
activity in a mouse septicemia infection model. Drug-resistant strains of Pseudomonas are a serious 
health problem, so this family of antibiotics may have important therapeutic applications. 


aturally occurring peptides and proteins 
Ne interesting starting points for the 


design and synthesis of biologically ac- 


tive peptidomimetics, We previously synthesized 
libraries of B-hairpin-shaped_peptidomimetics 
(J, 2) based on the membranolytic host-defense 


1010 


peptide protegrin I (PG-I) (3). These mimeti 
contain loop sequences related to that in PG-I, 
but linked to a p-proline-.-proline template, 
which helps to stabilize B-hairpin conformations 
within the macrocycle (4, 5) (Fig. 1A). One se- 
quence variant, L8-1, had broad-spectrum anti- 
microbial activity like that of PG-I, but with a 
reduced hemolytic activity on human red blood 
cells (2). To optimize this lead, we performed 
iterative cycles of peptidomimetic library syn- 
thesis and screening for improved antimicrobial 


testing of variations in a subsequent library. This 
structure-activity trail led sequentially to mimeti 
L19-45, L26-19, and L27-11 (Fig. 1). L27-11 
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possessed an interesting spectrum of antimicrobi- 
al activity, including minimal inhibitory concen- 
trations (MICs) in the nanomolar range against 
many Pseudomonas aeruginosa (PA) strains and 
other Pseudomonas spp.; the mimetic is only 
weakly active or inactive against other Gram- 
positive and Gram-negative bacteria [Table | (6)]. 
In contrast, PG-I displays broad-spectrum antimi- 
crobial activity against Gram-positive and Gram- 
negative bacteria in the low micromolar range (7). 
The enantiomeric (mirror image) form of L27-11 


is essentially inactive (MIC > 32 g/ml) against 
PA, unlike the two enantiomers of PGI (8), 
suggesting that the antibacterial target of the 
mimetic is chiral and not the achiral lipid chains 
of the cell membrane targeted by PG-I (9-12). 
Further efforts focused on optimizing plasma 
stability and drug-like properties. The compounds 
POL7001 and POL7080 displayed much im- 
proved plasma half-lives while retaining a potent 
and selective action against PA; the MICs cover- 
ing 90% of more than 100 PA clinical isolates 
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Fig. 1. (A) Structures of PG-1 and peptidomimetics. Dashed lines indicate disulfide bridges in PG-1. 
The single-letter code is used for amino acids (30), except as shown, and X is L-2,4-diaminobutyric 
acid, °P= p-proline, and 'P is t-protine. PAL-1 contains t-photo-Pro in place of ‘P. (B) The kinetics of 
bacterial cell death at 37°C is shown for PA PAO1 in MH broth after treatment with the indicated 
antibiotics at 4x MIC, or for the control (no drug). The remaining colony-forming units (CFU) are 
shown asa function of time after exposure to the antibiotic. (C) PA membrane integrity was measured 
by fluorescence spectroscopy. PA PAO1 cells in MH broth were treated with SYTOX and each of the 
antibiotics (added at time t = 0) at a concentration of 5 g/ml. The fluorescence change is shown 
versus time. 


Table 1. Antimicrobial activities of the peptidomimetics. The MIC values were determined by the 
microdilution method in MH broth in the presence of 0.02% bovine serum albumin (BSA). The MIC 
values are typically four to eight times as high when the assays are performed in cation-adjusted 
MH (MH-II) broth in the presence of BSA. ND, not determined. Strains: Pseudomonas aeruginosa, 
Acinetobacter baumannii, Klebsiella pneumoniae, Stenotrophomonas maltophilia, Escherichia coli, 
Enterococcus faecalis, Staphylococcus aureus. ATCC, American Type Culture Collection; DSM, 
Deutsche Sammlung von Mikroorganismen. 


MIC (ug/ml) 
Strain 18-1 119-45 126-19 127-11 POL7001_~—_—~POL7080 
P. aeruginosa ATCC 27853 B 1 0.02 0.01 0.008 0.008 
P. aeruginosa PAO. 8 2 0.03 = 0.004 0.008 0.004 
A. baumannii DSM3008 ND ND >64 >64 >64 >64 
K. pneumoniae ATCC 13883 ND ND >64 >64 >64 >64 
5. maltophilia ATCC 13637 ND ND >64 >64 >64 >64 
E.coli ATCC 259228 8 32 64 >64 >64 
E. faecalis DSM 12956 = ND ND >64 >64 >64 >64 
S. aureus ATCC 292138 64 64 >64 >64 >64 
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tested (MICo9) were 0.13 and 0.25 jig/ml, re- 
spectively, for these two mimetics. These isolates 
were of European and North American origin and 
most were resistant to one or more classes of 
clinically used antibiotics (6). 

We next focused on identifying the mecha- 
nism of action of this family of peptidomimetics. 
Their mode of action against PA at concentrations 
close to the MIC was clearly different from the 
rapid membranolytic actions of both PG-I (7) and 
polymyxin B, a cationic macrocyclic peptide anti- 
biotic of bacterial origin (/3), Whereas PG-I or 
polymyxin at 4x MIC caused rapid cell lysis, the 
killing caused by the peptidomimetics was much 
slower (Fig. 1B). The ability of the peptidom- 
imetics to permeabilize the PA cell membrane 
was also tested with the fluorescent nucleic acid 
stain SYTOX (/4). No fluorescence increase was 
apparent over 120 min when PA cells were 
exposed to SYTOX and 126-19, 127-11, or 
POL7001, compared with a rapid fluorescence 
increase upon exposure to PG-I or polymyxin B 
[Fig. 1C (6)]. A direct interaction between the 
peptidomimetic antibiotics and lipopolysaccha- 
ride (LPS) was examined with a dansyl-polymyxin 
displacement binding assay (/5). This revealed 
an interaction between LPS and 127-11 in the 
low micromolar range [median inhibitory con- 
centration (ICs9) 0.8 uM], which was not en- 
antioselective (ICso 1.1 tM for the enantiomer 
of L27-11), suggesting that LPS is not the pri- 
mary site of antimicrobial action. Also, L26-19, 
27-11, and POL7001 caused no notable lysis 
of human red blood cells at concentrations up to 
100 pg/ml. 

We tested whether the peptidomimetics have 
any effect on protein or nucleic acid biosynthesis 
in PA by examining the kinetics of incorporation 
of radiolabeled precursors into macromolecules. 
No notable influence was detected (6), suggesting 
that inhibition of protein, DNA, or RNA bio- 
synthesis are not the primary modes of action. 
Similar attempts to monitor effects on cell wall 
biosynthesis by radiolabeled N-acetylglucosamine 
were frustrated by low levels of incorporation of 
this precursor into cell wall biopolymers. 

‘As an altemative approach to investigate the 
mechanism of action, a forward genetic screen 
was established to characterize the genetic bi 
for resistance to the antibiotics. Spontancous re- 
sistant mutants of P4 PAOI could be selected on 
the antibiotic POL7080 at 5* MIC, at an es- 
timated frequency of < | * 10'°. Three mutants 
(PAOI®S') showed MICs toward POL7080 
and 126-19 of >32 pg/ml, but were more 
sensitive toward POL7001 (MIC 8 jig/ml, versus 
0.06 jig/ml for wild-type PA PAO). No other 
changes in growth rate were observed. Compared 
to wild-type P4 PAO], the mutants showed only 
minor changes in sensitivity toward several other 
antibiotics (Table 2). To identify the causative 
mutation(s), we constructed three plasmid libra- 
ies from restriction-digested fragments of PA 
PAOI®=! genomic DNA and transformed wild- 
type PA PAOI with selection for growth on agar 
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containing carbenicillin and POL7080. Resistant 
clones were isolated from all three libraries. 
Plasmid DNA isolated from 12 clones contained 
a common 5.4-kb overlapping DNA fragment 
[nucleotides (nt) 652,070 to 657,452 in the 
genome sequence (/6) of PA PAOI] containing 
two contiguous open reading frames identified as 
homologs of sur and ost [also called imp and 
more recently /ptD (used below)] (/7). The 
5.4-kb DNA fragment conferred the resistant 
phenotype on Pd PAOI, whereas a smaller frag- 
ment containing only swrd had no effect on 
resistance. The surd gene possessed the expected 


base pair tandem dupl 
corresponding to a tandem duplication of resi- 
dues 210 to 215 with the sequence LEDKGM 
(6), with no other changes in the coding or up- 
stream promoter sequences. The /ptD/ gene ap- 
pears to act as a dominant resistance marker in 
the wild-type P4 PAOI background. This does 
not appear to be a gene dosage effect, because 
introduction of the wild-type allele on plasmid 
pVLT31 (1/8) does not influence antibiotic sen- 
sitivity for P41 PAOI or PAOI®®S'. Moreover, 
neither wild-type P4 PAOI, containing plasmid- 
bore copies of /ptD/, nor PAOI®*S", contain- 
ing copies of iptD, has altered sensitivity to most 
of the other antibiotics tested (Table 2). This 
argues against a general change in the perme- 
ability of the outer membrane caused by this 
mutation. 

LptD is an outer-membrane protein widely 
distributed in Gram-negative bacteria that func- 
tions in the assembly of LPS in the outer leaflet of 
the outer membrane (/7, 19-2/). LptD is an es- 
sential low-abundance outer-membrane protein in 
Escherichia coli (19), depletion of which causes 
stress in outer-membrane biogenesis (2/, 22). 
LptD in PA PAOL is predicted to contain a C- 
terminal -barrel domain (approximately residues 
300 to 924) embedded in the outer membrane 
and an N-terminal domain (approximately resi- 
dues 34 to 300) (/9), which may reside in the 
periplasm and/or partly plug the B barrel (Fig. 
2A). The B-barrel sequence is highly conserved 
in LptD homologs in Gram-negative bacteria 
(/7), although the N-terminal domain is more 
variable in length, comprising about 300 residues 
in PA but only about 180 residues in E. coli K12 
(6). The size difference in the periplasmic 
domains of LptD in £. coli and PA, the location 
within this domain of the /ptD/ mutation, and the 
key function of LptD in outer-membrane bio- 
genesis suggest that LptD may be a primary 
target of the peptidomimetic antibiotics. 

Photoaffinity labeling experiments (23) were 
performed to determine whether the antibiotics 
bind to LptD in intact cells. For this task, an an- 
alog (PAL-1) was produced that contains a t-4,4- 
diazarinylproline (t-photo-proline) in place of 
L-proline, as well as a biotin tag at position 1 (MIC 
of PAL-I against P4 PAOI = 0.05 g/ml) (Fig. 1A) 


Table 2. Antibacterial activities (MICs in MH-II broth) of various antibiotics toward wild-type PA PAO1 
(PAO™’) and resistant mutant (PAO1"™), as well as toward bacterial cells containing plasmid-borne copies 
of wild-type /ptD or the resistance gene (/ptD1) isolated from PAO1***. The plasmid vector used for these 
experiments (pVLT31) has no effect on resistance to the antibiotics shown, when introduced into PA 


PAO1™" or PAO1**?, 
MIC (ug/ml) 

ibioti wr RES Paoi"" pao"? pao"? 
Antibiotic Paoa' PaOd' +lptD1 “peo +lptD1 
POL7080 0.06 64 4 64 64 
126-19 o1 >64 16 >64 >64 
Gentamicin 0.5 1 0.5 i. 1 
Tobramycin 0.25 0.25 0.12 0.25 0.25 
Ciprofloxacin 0.5 0.06 1 0.12 0.12 
Colistin z 0.5 0.5 0.5 0.25 


(6). Photoaffinity labeling with PAL-I consist- 
ently revealed a major photolabeled protein with 
an apparent mass by SDS-polyacrylamide gel 
electrophoresis of =100 kD, close to that expected 
for PA LptD (calculated molecular weight = 
100,751) (Fig. 2B). When the photoaffinity 
labeling was repeated in the presence of a 100* 
excess of L27-11, the labeled band disappeared 
from the blot, demonstrating a competition 
between L27-11 and PAL-I for binding to LptD. 
The identity of the photolabeled protein was 
proven to be LptD (PA0595) by two-dimensional 
(2D) gels and in-gel protease digestion/LC-ESI- 
MS-MS (liquid chromatography-electrospray 
ionization-tandem mass spectrometry) analysis 
and by immunoblotting with polyclonal antibodies 
raised against a synthetic C-terminal peptide 
fragment of LptD (6). When the photolabeling 
experiment was repeated with the resistant 
PAOI®*S! mutant, photolabeling of LptD was 
not detected, indicating that the protein was no 
longer able to bind the antibiotic with compara- 
ble affinity. 

If the function of LptD is impaired upon bind- 
ing to the peptidomimetic, then some effect on 
outer-membrane structure and biogenesis should 
become apparent (/9, 24). When grown in 
Mueller-Hinton (MH) broth for several hours in 
the presence of growth-inhibitory amounts of 
127-11, PA cells became more sensitive to de- 
tergents (Triton X-100 and SDS) and to various 
antibiotics, including tetracycline and rifampicin 
(6). PA PAO! cells grown in MH broth with 
127-11 or POL7001 were also examined in thin 
sections by transmission electron microscopy 
(TEM). This revealed internal accumulation of 
membrane-like material in many apparently in- 
tact cells (Fig. 2C), by two different fixation 
methods, an effect not seen in cells grown with- 
out the antibiotic. Similar accumulations have 
been observed in E. coli cells depleted of jptD 
(21, 22) and in other bacteria exposed to anti- 
microbial peptides (25). Some cells (=10%) grown 
in this way formed filaments comprising multiple 
concatenated cells (Fig. 2D), suggesting an im- 
pairment in cell division, which was not observed 
with untreated PA PAOI cells or with L27-11 


treated PAOI®®®! cells, Cells grown in the pres- 
ence of growth-inhibitory amounts of L27-11 
could be uniformly stained with the membrane 
dye 3,5-dipropylthiacarbocyanine [diSC3(5)] 
(Fig. 2E), whereas untreated P4 PAOL or L27- 
11-treated PAOI®*S! cells exposed to this dye 
did not fluoresce. Thus, the action of L27-11 
during growth impairs the outer-membrane per- 
meability barrier. 

Interference with the function of LptD may 
also allow entry of phospholipids into the outer 
leaflet of the outer membrane. In E. coli and 
Salmonella spp., this is known to activate the 
outer-membrane enzyme PagP, which modifies 
LPS by converting the hexa-acyl form of lipid A 
into the hepta-acyl form by transferring a palmitate 
group from outer-leaflet phospholipids to lipid A 
(26, 27). The same effect has been observed in 
IptD-depleted E. coli (21). PA can also modify its 
lipid A by addition of a C16 fatty acid, to gen- 
erate from the normal penta-acylated form (mo- 
lecular weight 1447) a hexa-acylated derivative 
(molecular weight 1686) (28). This palmitate- 
containing hexa-acylated form has been observed 
in lipid A from PA clinical isolates from patients 
with cystic fibrosis (29), although it is normally 
absent from laboratory-adapted strains (such as 
PAOI) (28). 

We first confirmed that the lipid A prepared 
from LPS isolated from PA PAOI grown normal- 
ly in MH broth was indeed the expected penta- 
acylated form {negative-mode matrix-assisted 
laser desorption/ionization (MALDI)-MS mass/ 
charge ratio (m/2) 1446 [M-HT }. However, when 
cells were grown in MH broth with L27-11, after 
5 hours the only lipid A detectable by MALDI- 
MS was the hexa-acylated form (observed mass 
m/z 1684 [M-H] ) containing a palmitoyl res- 
idue (6). A further indication of a perturbed 
membrane structure came from fractionation of 
membrane extracts from cells by sucrose density 
ultracentrifugation. Fractions containing LPS and 
LptD appeared at higher density in the gradient 
when they came from L27-11-cultivated cells 
as compared to untreated cells (6), a result sim- 
ilar to that reported for IptD-depleted E. coli cells 
(19, 21). 
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Fig. 2. (A) The predicted B-barrel domain of LptD (924 residues) is shown integrated in the outer 
membrane. (B) Photoaffinity labeling of membrane proteins in PA PAQ1. PAL-1 (1 ug/ml) was 
incubated with PA cells at 37°C and irradiated with ultraviolet light. Membrane proteins were extracted, 
separated from cytoplasmic proteins by ultracentrifugation, and subjected to gel electrophoresis. 
Biotinylated proteins were detected by a streptavidin-based chemiluminescence detection system after 
blotting to a polyvinylidene difluoride membrane, with (100x excess, lane B) and without (lane A) 
competing L27-11 during photolysis (6). (C to E) Effects on PA cells after growth for 1 to 3 hours at 
37°C in MH broth either with L27-11 (+ antibiotic) or without antibiotic (no antibiotic); (C) TEM showing 
accumulation of extra membrane-like material within cryo-fixed PA PAO1 cells (bar, 0.1 jm); (D) 
formation of filaments comprising multiple concatenated PA PAO1 cells; (E) staining PA PAO1 with the 
membrane-sensitive dye diSC;(5) and washing. (F) Staining and light microscope images of wild-type 
(wt) PA PAO2 (left) and resistant mutant PAO1"** (right), after growth in the presence of Fluo-1 and 


washing, 


A fluorescently labeled derivative Fluo-1 
(Fig. 1A) of L27-11 showed an MIC against PA 
PAO! of 0.1 g/ml, suggesting that it might 
label potential antibiotic binding sites. PA PAO! 
cells in MH broth were incubated with Fluo-1 
(5 jg/ml) for 1 hour at 37°C, washed, and ex- 
amined by fluorescence microscopy. The result- 
ing fluorescence staining was not uniform over 
the cell surface, but rather appeared to be con- 
centrated in spots (Fig. 2F), suggesting a lo- 
calized binding site. A similar labeling was not 
observed when the P4 PAOL®®S! mutant was 
stained in this way. 

The ability of the antibiotics to provide pro- 
tection against a lethal P4 infection in a whole 
animal was also tested. For this, the in vivo ef- 
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ficacy of POL7001 and POL7080 was evaluated 
in a mouse septicemia model at doses of 10, 3, 1, 
0.3, and 0.1 mg per kilogram of body weight 
given subcutaneously at | and S hours after bac- 
terial inoculation with either PA ATCC 9027 or 
ATCC 27853. Both antibiotics demonstrated sub- 
stantial activity against both strains with calcu- 
lated median effective doses (EDso values) in the 
range 0.25 to 0.55 mg/kg, as compared to gen- 
tamicin (used as a positive control), which showed 
an EDso of 3.1 and 2.9 mg/kg, respectively, 
against these strains. 

The mechanism of action of the peptidomi- 
metic antibiotics reported here likely includes 
perturbation of the critical LPS transport function 
of LptD. The in vivo activity reported here raises 


REPORTS 


the prospect that this family of antibiotics may be 
useful in a clinical setting to combat nosocomial 
infections and lung infections in patients with 
cystic fibrosis, where multiple drug-resistant PA 
strains are a serious health problem. 
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NMR Structure Determination for Larger 
Proteins Using Backbone-Only Data 
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Conventional protein structure determination from nuclear magnetic resonance data relies heavily 
on side-chain proton-to-proton distances, The necessary side-chain resonance assignment, 
however, is labor intensive and prone to error. Here we show that structures can be accurately 
determined without nuclear magnetic resonance (NMR) information on the side chains for 
proteins up to 25 kilodaltons by incorporating backbone chemical shifts, residual dipolar 
couplings, and amide proton distances into the Rosetta protein structure modeling methodology. 
These data, which are too sparse for conventional methods, serve only to guide conformational 
search toward the lowest-energy conformations in the folding landscape; the details of the 
computed models are determined by the physical chemistry implicit in the Rosetta all-atom 
energy function. The new method is not hindered by the deuteration required to suppress 
nuclear relaxation processes for proteins greater than 15 kilodaltons and should enable 

routine NMR structure determination for larger proteins. 


he first step in protein structure deter- 

| mination by nuclear magnetic resonance 
(NMR) is chemical-shift assignment for 

the backbone atoms. In contrast to the subse- 
quent assignment of the side chains, this process 
is now rapid, reliable, and largely automated 
(1-5). Global backbone structural information 
complementing the local structure information 
provided by backbone chemical-shift assign- 
ments (6, 7) can be obtained from H*-H™ nuclear 
Overhauser effect spectroscopy (NOESY), resid- 
ual dipolar coupling (RDC) (8), and other (9, /0) 
experiments. For larger proteins, deuteration be- 
comes necessary to circumvent the efficient spin 
relaxation properties resulting from their higher 
rotational correlation times (//, /2), but remov- 
ing protons also eliminates long-range NOESY 
information from side chains, except for selec- 
tively protonated side-chain moieties (/3). The 
difficulty in determining accurate structures with 
no or limited side-chain information is a major 
bottleneck that currently prevents routine appli- 
cation of NMR to larger (15 kD) systems (/4). 
Here we show that structures of proteins 
up to 200 residues (23 kD) can be determined 
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with the use of information from backbone (HY, 
N, C, C®. C’) NMR data by taking advantage of 
the conformational sampling and all-atom energy 
function in the Rosetta structure prediction meth- 
odology (/5), which, for small proteins in favor- 
able cases, can produce atomic accuracy models 
starting from sequence information alone (/6, 17). 
‘Structure prediction in Rosetta proceeds in two 
steps: (i) a low-resolution exploration phase 
using Monte Carlo fragment assembly and a 
coarse-grained energy function, and (ii) a com- 
putationally expensive refinement phase that 
cycles between combinatorial side-chain optimi- 
zation and gradient-based minimization of all 
torsional degrees of freedom in a physically real- 


istic all-atom forcefield (16). The primary obstacle 
to Rosetta structure prediction from amino acid 
sequence information alone is conformational sam- 
pling; native structures almost always have lower 
energies than non-native conformations, but they 
are very seldom sampled in unbiased trajectories. 
Incorporating NMR chemical-shift information 
in the selection of the fragments used in the 
exploration phase [chemical shift (CS)-Rosetta] 
(18, 19) provides a robust approach to determin- 
ing accurate structures of small (<100-residue) 
proteins using only backbone and "°C chemical 
shift data. For larger (>12-KD) proteins, the per- 
formance of CS-Rosetta is very target-dependent: 
Structures sufficiently close to the native struc- 
ture for the energy to drop substantially may be 
generated rarely or not at all. 

We investigated whether RDC data, which 
provide long-range information on the orienta- 
tions between bond vectors, can guide the low- 
resolution search closer to the native structure 
and overcome the sampling problem for larger 
(100 to 200 residue) proteins, For every attempted 
Monte Carlo move, the alignment tensor is cal- 
culated by singular value decomposition (20), 
and the decision to accept or reject the confor- 
mation is biased by the change in the agreement 
between the back-calculated and experimental 
couplings (2/). Incorporation of RDCs dramati- 
cally improved convergence on the correct struc- 
ture in a benchmark of 11 a, B, and a/B proteins 
ranging in size from 62 to 166 residues (Fig. 1, 
Table 1, and fig. S1). As indicated in Table 1, CS- 
RDC-Rosetta consistently generates accurate 
models for proteins up to 120 residues and, in 
favorable cases, for larger proteins. 

For proteins with more than 120 residues, 
conformational sampling becomes limiting, even 
for the CS-RDC-Rosetta protocol, and the low- 
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energy ensemble is not always close to the native 
structure. To further focus sampling, we devel- 
‘oped an iterative refinement protocol that in- 
corporates assigned backbone H™-H™ nuclear 
Overhauser effects (NOEs) in addition to back- 
bone RDCs. As in the previously described 
“rebuild and refine” protocol, a pool of diverse 
low-energy conformations is maintained, and the 
highest-energy structures in the pool are peri- 
odically replaced with offspring (22). The new 
protocol, a genetic algorithm, generates hybrid con- 
formations by recombining first -sheet pairings 
and, subsequently, fragments of the low-energy 
structures (/7). To further enhance sampling, tra- 
jectories are seeded with conformations harvested 
from previous trajectories that led to low-energy 
conformations (23). 

The improvement in the model population 
with increasing generations in the iterative pro- 


tocol is illustrated in Fig. 2 for the 200-residue 
ALG13 protein using experimentally determined 
chemical shift, RDC, and assigned backbone 
amide H’-H™ NOE data (24). The C* root mean 
square deviation (RMSD) to the native structure 
and the energy improve from generation to gen- 
eration, and after several rounds, discrimination 
toward lower RMSD structures is apparent (Fig. 
2A, light blue to yellow). After high-resolution 
refinement (Fig. 2A, orange to red), the lowest- 
energy structures are close to the native structure. 
The final low-energy structural ensemble (Fig. 
2B) recapitulates the unusual topology in the 
previously determined NMR structure (24) (Fig. 
2D) to within 3.4 A RMSD (Table 1). The 
Rosetta ensemble fits independent RDC data, as 
well as the NMR structure, and the backbone 
variation in the ensemble is correlated with back- 
bone dynamics as probed by the RI relaxation rate 


Table 1. Accuracy of models generated with backbone-only NMR data. 


Number of 


REPORTS b. 


(Fig. 2C). The iterative CS-RDC-NOE-Rosetta 
models of ALG13 thus appear to be comparable 
in quality to the previously published structure 
that required substantial effort, including prepara- 
tion of selectively methyl- and aromatic-protonated 
samples (24). 

The iterative CS-RDC-NOE protocol was tested 
further on 12 proteins ranging in size from 120 to 
266 residues (Table | and fig. $3). For all proteins 
except 1g68, a considerable part of the structure 
converges (Table 1). Backbone H'-H' NOE data 
were required for convergence of 272i, 1i1b, arfl, 
2m2, and Isua but not for Spnt, 1s0p, 1f21, and 
er553. The RMSDs to the native structures over 
the converged regions range from 1.7 to 4.3 A, with 
the exceptions of Isua and 1f21. For 1121, high 
accuracy (1.6 A) was reached for a 92-residue 
subset (fig. $3). Side-chain accuracy was gener- 
ally quite high in the converged regions (fig. S5). 


residues! Median Median per eae 
; : number of RMSD to GDT-TS pene energy change 
Protein Native r : converged resulting from 
name* PDB ID Topology residues. ee ees ensemble energy inclusion of 
converged in converged lowest-energy faa ; 
computed regiont A) models: minimum§ experimental 
datall 
structure 
Noniterative 
GmR137 2k5p ab 62/47 2.6 95.4 32.59] -18 
TR8O 2jxt alb 78173 15 84.9 16.74 ~03 
DvR115G# 2kct B 86/66 14 80.0 243 07 
UkR15 2k3d afb 92174 20 85.4 18.09 12 
BcR103A 2kd2 B 100/65 34 613 22.7 “13 
SrR115C# 2kel A 100/95 14 86.1 25.19 0.755 
MaR214A# 2kbn B 102/96 21 82.1 43.9 0.6 
RrR43 2kom afb 104/82 24 66.8 12.9 2.955 
BCR268F# 2k5w A 118/115 14 738.4 45.79] -16 
ER553 2kis afb 143/115 5.2 46.195 a 25 
ARFL 2k5u afb 166/141 26 733 21.6 ~9.5 
Iterative 
ANT7# 2ki8 alb 122/98 3.0 70.0 375 12.5 
ERS41"* 2iyx alb 124/115 25 767 31.6 ~9.9 
Xray"* 121 alb 142/122 9.4 76.6 28.5 3.555 
ER553 2kis afb 143/136 19 85.2 38.5 15.4 
BIR324B"* 2kd7 8 150/148 2.4 79.3 51.6 29.1 
Xray" ib 8 151/111¢$ 25 711 533 25.5 
Xray" 1ib_2tt B 151/133¢$ 17 84.8 100.9 30.5 
Xray" 2m2 ab 155/76 31 72.9 ~67.5 24.0 
Xray"* Spnt ab 157/134 3.0 71.6 34.4 3.0 
Xray" 1s0p A 160/116 43 70.8 19.9 10.4 
ARFL 2k5u afb 166/122 25 72 28.6 8.7 
Xray** 222i alb 179/143 18 71 46.5 21.6 
ALG13 2jec alb 201/155t+ 34 63.7 -178 12.8 
Xray" Isua ab 263/173 6.2 57.0 43.5 26.5 
Xray" 1968 afb 266/119 3.2 41.455 36.3 25.1 


*NESG codes are used for protein structures obtained with conventional NMR methods in the NESG, and PDB codes for the remaining proteins. The results shown in the top 11 rows were generated with the 
C5-RDC-Rosetta protocol and the remaining with the iterative C5-RDC-Rosetta protocol. ‘for the iterative protocol, residues were considered converged if they are members of the largest set of 
residues that is superimposable within 4 A. For the noniterative protocol, the residues were selected with the FindCore algorithm (26, 27) based on the conventional NMR ensemble. The global 
distance test-total score (GDT-15) is the average number of Ccx superimposable within 1, 2, 3, 4, and 7 A, respectively (26). Shown is the median of GDT-TS scores computed for each pair of structures out 
‘ofthe 10 lowest-energy models. Energy difference between the median energy of the 10 lowest-energy models and the 10 lowest-eneray models that differ by at least 7 A RMSD from the lowest- 
‘energy model (Rosetta energy units). _IDifference between the median energy of the 10 lowest-energy models obtained with RDC and/or NOE data and the median energy of the 10 lowest-energy CS- 
Rosetta models (Rosetta energy unis). Energy gap computed with 4 A cutoff radius (instead of 7A). #Blind testcase. **Parially or fully synthetic data were used (see table S2). fll 
pairs of H" protons within 5 A generated an H'-H™ NOE distance constraint of 6 A (17). Results are shown with a reduced convergence cutoff of 3 A (with cutoff 4 A, 151, 151, and 176 residues 
‘converge and yield a median RMSD of 3.5, 2.3, and 4.9 A for 1i2b, 1i2b_2, and 2jzc, respectively). _§8Violation of validation criterion. 
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We carried out a blind test of the new meth- ventional NMR structures were determined. For vergence was not observed, and blind structure 
ods on five data sets generated in the Northeast _ four of the proteins, the CS-RDC protocol con- determination was instead carried out with the 
Structural Genomics (NESG) Center before con- _ verged (Fig. 3, A to D), whereas for a fifth, con- iterative CS-RDC-NOE protocol (Fig. 3E). In 


Fig. 2. Determination of ALG13 struc- 
ture from backbone NMR data with 
Rosetta. (A) RMSDs and energies of 
structures generated in batches of 2000 
during the iterative protocol. Each gen- 
eration of structures (color code: blue 
to red, corresponds to number of gen- 
eration) is based on information from 
previous runs (17). Strong convergence 
is reached already in the computational 
less expensive, low-resolution mode. 
The last generations (orange to red) 
increase both the precision and accu- 
racy of the ensemble by refining the 
structures within the Rosetta all-atom 
energy. The RMSD is computed over 
the residues for which convergence 
within 3 A root mean square fluctua- 
tions (RMSF) was reached in the 50 
lowest-energy Rosetta models (resi- 
dues 5 to 70, 81 to 139, 151 to 180). 
(B) Ensemble of 10 lowest-energy 
Rosetta structures [below line in (A)]. 
Regions with more than 3 A RMSF are 
depicted in gray. (C) Comparison of 
the RMSF at each residue in the low- 
energy Rosetta ensemble to NMR R1 
relaxation rate (red, relaxation rates; 
black, RMSF in Rosetta ensemble). The relaxation data were not used in the structure calculation. Regions variable in the low-energy structures exhibit increased 
dynamics in solution; these data were not used in the structure calculation. (D) NMR solution ensemble based on side-chain NOEs (PDB ID: 2jzc). 


oe 
i. 


Fig. 3. Blind predictions with the CS-RDC-Rosetta and iterative CS- E 
RDC-Rosetta protocols. (Left side of each panel) Superposition 

of the 10 lowest-energy predicted structures (red) over the 

experimentally solved ensemble of NMR structures (blue), (Right 

side of each panel) Magnified view of the core side chains. 

Rosetta models in (A) to (D) were determined with CS-RDC- 

Rosetta, and in (E) with iterative CS-RDC-Rosetta. (A) BcR268F, 

(B) DvR115G, (C) MaR214A, (D) SrR115C, and (E) AtT7. 
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all five cases (Table 1), the resulting Rosetta- 
determined structure is very similar to the con- 
ventionally determined NMR solution structure 
over both the backbone (Fig. 3, left side of each 
panel) and the core side chains (Fig. 3, right side 
‘of cach panel), which is notable because no 
experimental side-chain information is used in 
the Rosetta protocol; the details of core packing 
are determined by the Rosetta all-atom energy 
function (magnified views of core side chains are 
shown for all of the remaining targets in fig. $6). 

Thus, our methodology is able to generate 
accurate structures of proteins up to ~25 kD from 
sparse NMR data without side-chain assignments. 
it is important that there 
ing the reliability of the 


be a means of as: 


computed models. Cross-validation with inde- 
pendently collected data are an excellent way to 
do this, but truly independent data may not al- 
ways be available, and if the available data are 
already sparse, it may not be possible to remove a 
subset for independent validation. 

Our approach to structure validation is based 
‘on the interplay between the two contributing 
sources of structural information: (i) the detailed 
physical chemistry implicit in the Rosetta all- 
atom energy function and (ii) the experimental 
NMR data. As illustrated in Fig. 4A, the all-atom 
energy landscape (black) is rugged with many 
local minima, making optimization difficult. The 
experimental bias based on backbone NMR data 
(red), though smoother, is degenerate and lacks 


A 


_-——_---—- 


10 1S 
wmsd (A) 


Fig. 4. Effect of incorporation of experimental data on energy minimization. (A) The Rosetta all-atom 
energy (black line) has many local minima, making minimization difficult, but the global minimum is 
generally close to the native structure (N). The experimental bias (red line), though smoother, has de- 
generacies and lacks resolution because the data are sparse. Local minima of the all-atom energy and the 
experimental bias are uncorrelated far away from the native structure but coincide close to the native 
structure. Accordingly, far from the global minimum, including the experimental data during optimization 
usually results in higher energies (arrow 1), whereas close to the native structure (N), including the data 
results in lower energies (arrow 2). (B) Lines represent the lowest energies sampled by structures at various 
RMSDs after optimization in the absence (black line) or presence (red line) of experimental data. Gener- 
ally, the all-atom energy and experimental data are in concordance for conformations close to the native 
protein structure but not for conformations far from the native structure. If this concordance condition is 
met, the experimental data can guide sampling toward the global minimum close to the native structure 
(arrow 2), and thus, constrained optimization can result in lower-energy conformations than unconstrained 
optimization, whereas biased optimization is less effective than unconstrained optimization distant from 
the native structure leading to higher energies (arrow 1). (C and D) In contrast, all-atom energy and RMSD 
of final Rosetta ensemble from iterative refinement, with and without experimental data, are shown. Lines 
represent the median of the 10 lowest-energy models per RMSD bin. (C) 1f21, an unsuccessful calculation. 
Biased optimization with RDC data (red) yields similar energies as unbiased optimization (black); there 
is a large remaining energy gap to the native structure (blue dots). (D) Alg13, a successful calculation. 
Biased optimization with the experimental data (red) results in lower energies than unbiased optimi- 
zation (black). 
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resolution. Because the constrained minimization 
of a function will almost always result in higher 
function values than unconstrained minimization, 
NMR data-constrained optimization, in general, 
should result in higher-cnergy structures than 
bias-free optimization (arrow | in Fig. 4A). This 
scenario may hold for traditional structure deter- 
mination in which the search is almost completely 
driven by the experimental data. However, if the 
two sources of information are in concordance, 
the bias from the experimental data can have two 
favorable effects (Fig, 4B). First, optimization far 
from the native minimum is impeded, resulting 
in an upward shift of the energy of non-native 
s (arrow 1), and second, optimization near 
the native minimum is improved as the data guide 
the search toward the global minimum (Fig. 4, A 
and B, arrow 2). 

Better optimization in the presence of exper- 
imental data (Fig. 4B) is unlikely to occur if there 
is no sampling near the correct structure, as data 
and the energy function will almost never in- 
dependently favor the same incorrect structure. 
Hence, we propose the following three criteria 
for evaluating the reliability of a calculated struc- 
ture (Table 1, columns 6 to 8). First, the calculation 
should converge: The lowest-energy conforma- 
tions should be very similar to each other over 
a large fraction of the structure. For both the 
CS-RDC-Rosetta and the iterative protocol, 
whenever the calculation converged for more 
than 60% of the structure, the RMSD to native 
over this region was less than 4 A (Table 1, 
column 6). Second, the converged structures 
should clearly be lower in energy than all sig- 
nificantly different (RMSD > 7 A) structures: this 
was true for nearly all of our test cases (Table 1, 
column 7). Third, the structures generated with 
experimental data should be at least as low in 
energy as those generated without experimental 
data: for none of the successful calculations does 
the energy increase significantly when the ex- 
perimental data are included in the optimization 
(Table 1, column 8), For larger proteins (>120 
residues), the data in fact guide the trajectories to 
lower-energy structures than those obtained by 
unconstrained optimization (Fig, 4D and Table 1, 
column 8). As argued above, this is a strong in- 
dicator that the correct structure has been found. 

When all three criteria were satisfied for the 
20 proteins in our test set, the low-energy en- 
semble resembles the independently determined 
structures. Importantly, the clear structure calcu- 
lation failure, 121, which converged to a wrong, 
conformation with an RMSD of 9.4 A to the 
native, fails the third criterion: The energy is higher 
rather than lower when the experimental data are 
included in the optimization (Fig. 4C and Table 
1, column 8). Because we had only one such 
failure, we simulated additional failures by de- 
leting all near-native structures from the model 
populations and computed the three metrics de- 
scribed above for these “fake” minima, (table $1) 
(17). For almost all of the proteins, these con- 
structed pathological cases again fail the third 
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criterion: They have higher energies in the ex- 
perimentally biased optimization. 

For the proteins in our set in the ~30-kD 
molecular-weight range, the computed structures 
are not completely converged and have large dis- 
ordered regions. This is clearly a sampling prob- 
lem because the native structure has lower energy 
(Fig. 4C and fig, $3); even with the NMR data as 
a guide, Rosetta trajectories fail to sample very 
close to the native state, Increased convergence 
‘on the low-energy native state can be achieved 
cither by collecting and using additional experi- 
mental data (Lilb_2 in fig. $3) or by improved 
sampling. Though at present the former is the 
more reliable solution, the latter will probably 
become increasingly competitive as the cost of 
computing decreases and conformational search 
algorithms improve. 

We have shown that accurate structures can 
be computed for a wide range of proteins using 
backbone-only NMR data. These results suggest 
a change in the traditional NOE-constraint-based 
approach to NMR structure determination (fig. 
$4). In the new approach, the bottlenecks of 
side-chain chemical-shift assignment and NOESY 
assignment are eliminated, and instead, more back- 
bone information is collected: RDCs in one or more 
media and a small number of unambiguous H*- 
HN constraints from three- or four-dimensional 
experiments, which restrict possible f-strand regis 
ters. Advantages of the approach are that 'H,'°N- 
based NOE and RDC data quality is relatively 
unaffected in slower tumbling, larger proteins and 
that the analysis of resonance and NOESY peak 
assignments can be done in a largely automated 
fashion with fewer opportunities for error. The 
approach is compatible with deuteration neces- 
sary for proteins greater than 15 kD and, for 
larger proteins, can be extended to include 
methyl NOEs on selectively protonated samples. 
The method should also enable a more complete 


structural characterization of transiently popu- 
lated states (25) for which the available data are 
generally quite sparse. 
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Limits of Predictability in 


Human Mobility 


Chaoming Song,** Zehui Qu,’ Nicholas Blumm,*? Albert-Laszlé Barabasi*** 


A range of applications, from predicting the spread of human and electronic viruses to city 
planning and resource management in mobile communications, depend on our ability to foresee 
the whereabouts and mobility of individuals, raising a fundamental question: To what degree is 
human behavior predictable? Here we explore the limits of predictability in human dynamics by 
studying the mobility patterns of anonymized mobile phone users. By measuring the entropy of 
each individual's trajectory, we find a 93% potential predictability in user mobility across the 
whole user base. Despite the significant differences in the travel patterns, we find a remarkable 
lack of variability in predictability, which is largely independent of the distance users cover on a 


regular basis. 


hen it comes to the emerging field of 
W human dynamics, there is a funda- 
mental gap between our intuition and 

the current modeling paradigms. Indeed, al- 


though we rarely perceive any of our actions to 
be random, from the perspective of an outside 
observer who is unaware of our motivations and 
schedule, our activity pattem can easily appear 


random and unpredictable. Therefore, current 
models of human activity are fundamentally 
stochastic (/) from Erlang’s formula (2) used in 
telephony to Lévy-walk models describing hu- 
man mobility (3-7) and their applications in viral 
dynamics (8-/0), queuing models capturing hu- 
man communication patterns (//—/3), and mod- 
els capturing body balancing (14) or panic (15). 
Yet the probabilistic nature of the existing mod- 
eling framework raises fundamental questions: 
What is the role of randomness in human be- 
havior and to what degree are individual human. 
actions predictable? Our goal here is to quantify 
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the interplay between the regular and thus pre- 
dictable and the random and thus unforeseeable, 
probing through human mobility the fundamen- 
tal limits that characterize the predictability of 
human dynamics. 

At present, the most detailed information on 
human mobility across a large segment of the 
population is collected by mobile phone carriers 
(4, 16-21). Mobile carriers record the closest 
mobile tower each time the user uses his or her 
phone, Here we use a 3-month-long record, 
collected for billing purposes and anonymized 
by the data source, capturing the mobility 
patterns of 50,000 individuals chosen from ~10 
million anonymous mobile phone users with the 
criteria that they visit more than two locations 
(tower vicinity) during the observational period 
and that their average call frequency fis >0.5 
hour ! [(22) sections S1 and $2]. 

The trajectories of two users with widely 
different mobility pattems are shown in Fig. 1A: 
The first user moves in the vicinity of N = 22 
towers in a 30-km region, whereas the second 
visits as many as N = 76 towers spanning 
approximately a 90-km neighborhood. To under- 
stand the recurrent nature of individual mobility, 
‘we assigned to each user a mobility network (23) 
(Fig. 1B), in which nodes are the locations visited 
by the user (each location corresponding to a 


mobile phone tower, with about a 3-km? recep- 
tion area on average, representing the uncertainty 
in our ability to determine the user’s where- 
abouts), and links represent the observed move- 
ments between these. The uneven node sizes, 
corresponding to the percentage of time the user 
spent in the vicinity of the particular tower, 
indicate that individuals tend to spend most of 
their time in a few selected locations. Finally, 
cach mobility network has an associated dynam- 
ical pattern (Fig. 1C), capturing the temporal 
sequence of towers visited by the user. 

Entropy is probably the most fundamental 
quantity capturing the degree of predictability 
characterizing a time series (24). We assign three 
entropy measures to cach individual’s mobility 
pattern: (i) The random entropy SP = log, Nj, 
where N, is the number of distinct locations 
visited by user i, capturing the degree of 
predictability of the user's whereabouts if each 
location is visited with equal probability; (ii) 
the temporal-uncorrelated entropy S}"* = 
-D. \pi(J) logypi(/), where p,(j) is the his- 
torical probability that location j was visited 
by the user i, characterizing the heterogeneity 
of visitation patterns; (iii) the actual entropy, 
S;, which depends not only on the frequency 
of visitation, but also the order in which the 
nodes were visited and the time spent at each 


REPORTS li 


location, thus capturing the full spatiotemporal 
order present in a person’s mobility pattem. To be 
specific, if 7; = {X,. Xo,-", Xz} denotes the 
sequence of towers at which user i was observed 
at each consecutive hourly interval, the entropy 
S; is given by ~Lrer,P(T/)log,|P(T;)), where 
P(T;) is the probability of finding a particular 
time-ordered subsequence 7; in the trajectory 
T, [(22) section $4], Naturally, for each user, 
SS SP < Se. 

To calculate the real entropy S}, we need a 
continuous (¢.g., hourly) record of a user's 
momentary location, Mobile phone records 
provide location information only when a person 

ses his or her phone. The users tend to place 
it of their calls in short bursts (//—-/3, 25) 
(Fig. 1D), followed by long periods with no call 
activity, during which we have no information 
about the user’s location (Fig. 1C). This incom- 
pleteness of the collected data is captured by the 
parameter g, representing the fraction of hour- 
long intervals when the user’s location is 
unknown to us. As Fig. 1E shows, P(g) across 
‘our user base peaked around q = 0.7, which 
indicated that, for a typical user, we have no 
location update for about 70% of the hourly 
intervals, which masks the user’s real entropy S;. 
We therefore studied the dependence of the 
entropy S(g) on the incompleteness g, which 


Fig. 1. (A) Trajectories of two anonymized 
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mobile phone users who visited the vi- 
cinity of NV = 22 and 76 different towers 


during the 3-month-long observational period. Each dot 
corresponds to a mobile phone tower, and each time a user 
makes a call, the closest tower that routes the call is recorded, 
pinpointing the user’s approximate location. The gray lines 
represent the Voronoi lattice, approximating each tower's area 
of reception. The colored lines represent the recorded move- 
ment of the user between the towers. (B) Mobility networks 
associated with the two users shown in (A). The area of the 
nodes corresponds to the frequency of calls the user made in 
the vicinity of the respective tower, and the widths of line edges 
are proportional to the frequency of the observed direct move- 


ment between two towers. (C) A week-long call pattern that captures the time-dependent location of the user with N = 22. Each vertical line 
corresponds to a call, and its color matches the tower from where the call was placed. This sequence of locations serves as the basis of our mobility 
prediction. (D) The distribution of the time intervals between consecutive calls, t, across the whole user population, documenting the nature of the call 
pattern as coming in bursts (22). (E) The distribution of the fraction of unknown locations, q, representing the hourly intervals when the user did not make a 
call, and thus his or her location remains unknown to us. 
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allowed us to extrapolate the entropy to g =0. We 
tested the method’s accuracy on the trajectory of 
100 users whose whereabouts were recorded 
every hour [(22) section S4] and found that it 
performed well for q < 0.8, which represented 
92% of the users in our data set. We therefore 
removed 5000 users with the highest q from our 
data set, which ensured that all remaining 45,000 
users satisfied q < 0.8. 

To characterize the inherent predictability 
across the user population, we determined S;, 
S}""*, and S)"™" for each user i; the obtained P(S), 
P(S**), and P(S™™) distributions are shown in 
Fig. 2A. The most striking result is the prominent 
shift of P(S) compared with P(S™™'). Indeed, 
P(S™) peaks at S™™! = 6, which indicates that, 
‘on average, each update of the user’s location 
represents six bits per hour of new information; 
that is, a user who chooses randomly his or her 
next location could be found on average in any of 
25" = 64 locations. In contrast, the fact that /(S) 
peaks at S = 0.8 indicates that the real uncertainty 


Fig. 2. (A) The distri- 
bution of the entropy S, 
the random entropy 54, 
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in a typical user’s whereabouts is not 64 but 2°* = 
1.74, i.e., fewer than two locations. 

The typical distances covered by individuals 
during their daily mobility pattern, as captured by 
each user’s radius of gyration, 7, follows a fat- 
tailed distribution (4), which indicates that, 
although most individuals’ daily activity is 
confined to a limited neighborhood of 1 to 10 
km, a few users regularly cover hundreds of 
kilometers (fig. $2). These differences suggest 
that predictability should also follow a fat-tailed 
distribution. In other words, we expect that 
individuals who travel less should be easy to 
predict (small entropy), whereas those with large 
rg should be much less predictable (high 
entropy). 

An important measure of predictability is the 
probability I that an appropriate predictive 
algorithm can predict correctly the user’s future 
whereabouts. This quantity is subject to Fano’s 
inequality (24, 26). That is, if'a user with entropy 
S moves between N locations, then her or his 
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sulting measure ITrepresenting an upper bound of predictability I”. Thus for n = 1 we can predict correctly 
the user's location when he or she is found at the most likely location (“home”), whereas for n = 2, we can 
predict correctly the user's whereabouts when he is in one of his top two locations (“home” or “office”). (Inset) 
TT appears to grow approximately logarithmically with n. 
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predictability T1 < TT™*(S,N), where IT™* is 
given by S= H(T™*) + (1 — F™*) log,(N— 1) 
with the binary entropy function H(I™*) = 

TI™* Jog,(T!™*) — (1 — T1™) loga(1 — T1™**), 
For a user with IT“ = 0.2, this means that at 
least 80% of the time the individual chooses his. 
location in a manner that appears to be random, 
and only in the remaining 20% of the time can 
we hope to predict his or her whereabouts. In 
other terms, no matter how good our predictive 
algorithm, we cannot predict with better than 
20% accuracy the future whereabouts of a 
user with [1™* = 0.2. Therefore, I repre- 
sents the fundamental limit for each individual's 
predictability. 

We determined I" separately for each user 
in the database. To our surprise, we found that 
P(T™*) does not follow the fat-tailed distribu- 
tion suggested by the travel distances, but it is 
narrowly peaked near I" = 0,93 (Fig. 2B). 
This highly bounded distribution indicates that, 
despite the apparent randomness of the individ- 
uals’ trajectories, a historical record of the daily 
mobility pattem of the users hides an unex- 
pectedly high degree of potential predictability. 
‘We have also determined the maximal predict- 
ability T""* and the random predictability TT" 
extracted from S** and 5, As Fig. 2B shows, 
the result is strikingly different—P(T") is ex- 
tremely widely distributed and peaked at TT" ~ 
0.3, which indicates that, if we rely only on the 
heterogeneous spatial distribution, the predict 
ability across the whole population is insignif- 
icant and varies widely from person to person. 
Similarly, PQ) has a peak at 174 = 0, which 
suggests not only that II" and TI" are inef 
fective as predictive tools, but also that a sig- 
nificant share of predictability is encoded in the 
temporal order of the visitation pattem, 

How can we reconcile the wide variability in 
the observed travel distances, as captured by the 
fat-tailed P(r), with the highly bounded predict- 
ability observed across the user population? To 
answer this, we measured the dependency of 
TI™* on rg, and found that, for rg > 10 km, pre- 
dictability becomes largely independent of rg, 
saturating at IT™” = 0.93 (Fig. 2C). Therefore, 
Fig. 2C explains the failure of our earlier hy- 
pothesis: Individuals with , > 100 km, covering 
hundreds of kilometers on a regular basis, are just 
as predictable as those whose life is constrained 
to ar, = 10-km neighborhood, a saturation that 
lies behind the high predictability observed across 
the whole user base. 

To determine how much of our predictability 
is really rooted in the visitation patterns of the top 
locations, we calculated the probability [1 that, in 
a given moment, the user is in one of the top n 
most visited locations, where n = 2 typically 
captures home and work. Thus, IT represents an 
upper bound for I", as, even if our predictive 
algorithm is 100% accurate, it can foresee the 
future location only when the user is found in one 
of the top 7 locations monitored by the algorithm. 
As Fig. 2D shows, the top two locations (n = 2) 
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offer only a 60% overall predictability. Gradually 
adding more locations increases TI), but we 
need several dozen distinct locations to converge 
toll = 1 (Fig. 2D, inset). 

To understand the origin of the observed high 
potential predictability, we segmented each week 
into 24 x 7 = 168 hourly intervals, and within 
each hour, we identified for each user the most 
visited location (Fig, 3, A and B). For example, 
if, between 8 and 9 a.m. on Monday, a user was 
found 10 times at tower 1, twice at tower 2, and 
‘once at tower 3, we assumed that her most likely 
location during this hour will be tower 1. Next, 
we measured each user’s regularity, R, defined as 
the probability of finding the user in his most 
visited location during that hour. R represents a 
lower bound for predictability TT, as it ignores the 
temporal correlations in user mobility. We found 
that across the whole user base, R ~ 0.7, which 
meant that, on average, 70% of the time the most 
visited location coincides with the user’s actual 
location, The pattern is time dependent: During 
the night, when most people tend to be reliably at 
home, R peaks at ~ 0.9, but between noon and 
1 p.m. and between 6 and 7 p.m., R has clear 
minima, corresponding to transition periods 
(travel to lunch or home). Indeed, if we measure 
the total number of distinct locations N(¢) a user 
visited each hour (Fig. 3B), we find that moments 
of low regularity R correspond to significant 
increase in N(), a signature of high mobility, and 
when R peaks there is a drop in M(t). 

Tf the users were to move randomly between 
their N locations, then R™! = 1/N, which is 
1/25™'= 0.016, an order of magnitude smaller 
than the observed R ~ 0.7. This gap once again 
indicates that the high regularity characterizing 
cach user’s mobility represents a significant 
departure from the expectation that they will be 
random. In Fig. 3C, we plot the relative regularity 
R/R™ as a function of r, observing a clearly 
increasing tendency. That is, counterintuitively, 
the relative regularity of users who travel the 
most (i.¢., have high r,) is higher than the relative 
regularity of the more homebound individuals. 

To explore whether demographic factors 
influence the users’ regularity and predictability, 
we measured R and IT™* for different age and 
gender groups (fig. S10), Tt was surprising that 
we did not observe gender- or age-based differ- 

ir *“. but only a systematic, but 
statistically insignificant, gender-based difference 
emerged in regularity. We also explored the 
impact of home, language groups, population 
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density, and rural versus urban environment on 
predictability and found only insignificant varia- 
tions (figs. S8, $12, and S13). Finally, we did not 
find significant changes in user regularity over 
the weekends compared with their weekday 
mobility (fig. $8), which suggested that regu- 
larity is not imposed by the work schedule, but 
potentially is intrinsic to human activities. 

In summary, the combination of the empiri- 
cally determined user entropy and Fano’s in- 
equality indicates that there is a potential 93% 
average predictability in user mobility, an excep- 
tionally high value rooted in the inherent regu- 
larity of human behavior. Yet it is not the 93% 
predictability that we find the most surprising. 
Rather, it is the lack of variability in predictability 
across the population. Indeed, given the fat-tailed 
distribution of the distances over which users 
travel on a regular basis (see fig. S2), most 
individuals are well localized in a finite neigh- 
borhood, but a few travel widely. Furthermore, a 
number of demographic and external parameters, 
from age to population density and the number of 
towers visited, vary widely from user to user. It is 
not unreasonable to expect, therefore, that 
predictability should also vary widely: For people 
who travel little, it should be easier to foresee 
their location, whereas those who regularly cover 
hundreds of kilometers should have a low 
predictability. Despite this inherent population 
heterogeneity, the maximal predictability varies 
very little—indeed P(TI™*) is narrowly peaked 
at 93%, and we sce no users whose predictability 
would be under 80%. 

Although making explicit predictions on user 
whereabouts is beyond our goals here, appropri- 
ate data-mining algorithms (/9, 20, 27) could 
tum the predictability identified in our study into 
actual mobility predictions. Most important, our 
results indicate that when it comes to processes 
driven by human mobility, from epidemic mod- 
eling to urban planning and traffic engineering, 
the development of accurate predictive models is 
a scientifically grounded possibility, poten- 
tial impact on our well-being and public health. 
Ata more fundamental level, they also indicate 
that, despite our deep-rooted desire for change 
and spontaneity, our daily mobility is, in fact, 
characterized by a deep-rooted regularity. 


References and Notes 

1. C Castellano, 5. Fortunato, V. Loreto, Rev. Mod. Phys. 
81, 591 (2009). 

2. AK. Erlang, Nyt Tidsskrft for Matematik B 20, 33 
(1909). 


19 FEBRUARY 2010 


REPORTS 


3. D. Brockmann, L. Hufnagel, T. Geisel, Nature 439, 462 
(2006), 
'M. C. Gonzdlez, C. A. Hidalgo, AL. Barabési, 
‘Nature 453, 779 (2008). 
S. Haviin, D. Ben-Avraham, Adv. Phys. 51, 187 (2002), 
R.N. Mantegna, H. E. Stanley, Phys. Rev. Lett. 73, 2946 
(1994), 
7. R, Metzler, A. V. Chechkin, V. ¥, Gonchar, J. Klafter, 
Chaos Solitons Fractals 34, 129 (2007). 
8. V. Colizza, A. Barrat, M. Barthelemy, A.-. Valleron, 
A. Vespignani, PLoS Med. 4, 13 (2007), 
9. L. Hufnagel, D. Brockmann, T. Geisel, Proc. Natl, Acad. 
Sci, USA, 101, 15124 (2004). 
10. P, Wang, M, C. Gonzalez, C. A. 
Science 324, 1071 (2009). 
11, AcL, Barabisi, Nature 435, 207 (2005), 
12. G. Grinstein, R. Linsker, Phys, Rev. E Stat. Nonlin, Soft 
Matter Phys. 77, 012101 (2008). 
13. A, Gabrielli, G. Caldarelli, Phys. Rev. Lett, 98, 208701 
(2007). 
14, J. D. Harry, }. B. Niemi, A. A. Priplata, J. J. Collins, 
IEEE Spectr. 42, 36 (2005), 
15. D. Helbing, |. Farkas, T. Viesek, Nature 407, 487 
(2000). 
16. W.-S, Sho, H. S. Kim, IEEE Commun. Mag. 41, 86 (2002). 
17. C. A. Hidalgo, C. Rodriguez-Sickert, Physica A 387, 3017 
(208). 
18. M. C. Gonzalez, P. G. Lind, H. J. Herrmann, Phys, Rev. 
Lett. 96, 088702 (2006). 
19. N. Eagle, A. Pentland, Pers. Ubiquitous Comput. 10, 255 
(2006). 
20, N. Eagle, A Pentland, Behav. Ecol, Sociobiol. 63, 1057 (2009). 
21. R. Lambiotte et al., Physica A 387, 5317 (2008). 
22, Materials and methods are available as supporting 
material on Science Online. 
. J. R. Banavar, A. Maritan, A. Rinaldo, Nature 399, 130 (1999). 
24, N. Navet, S.-H. Chen, Natural Computing in 
Computational Finance (Springer, Bertin, 2008). 
25, A. Vazquez et al., Phys. Rev. E Stat. Nonlin. Soft Matter 
Phys, 73, 036127 (2006). 
26. R.M. Fano, Transmission of Information (the MIT Press 
and Wiley, New York and London, 1961). 
LL Song, D. Kotz, R. Jain, X. He, Proc. 23rd Annual Joint 
Conference of the IEEE Computer and Communications 
Societies (INFOCOM) 2, 1414 (2004). 
. We thank M. Gonzales, P. Wang, J. Bagrow, 
and J. A. Aslam for discussions and comments on the 
manuscript. This work was supported by the James S. 
McDonnell Foundation 24st Century Initiative in 
Studying Complex Systems, NSF within the Information 
Technology Research (OMR-0426737) and II5-0513650 
programs, the Defense Threat Reduction Agency award 
HDTRA1-08-1-0027, and the Network Science 
Collaborative Technology Alliance sponsored by the U.S. 
Army Research Laboratory under agreement number 
W91INF-09-2-0053. Z.Q. was supported by a fellowship 
from the China Scholarship Council. 


= 


oe 


jidalgo, A-L, Barabasi, 


27. 


2 


8 


Supporting Ontine Material 
www sciencemag.org/cgi/contentfull/327/5968/1018/DC1. 
Materials and Methods 

‘SOM Text 

Figs. $1 to $13 

References 


2 June 2009; accepted 28 December 2009 
10.1126/science.1177170 


1021 


— §cience Diplomacy « detapo US: Foreign Policy 


a 
Now is the time to draw upon every tool of US. power to promote 
our interests in the world. We should make maximum use of a core 
strength of our country — leadership in science and technology. 
We, the undersigned Democrats and Republicans, believe the 
Administration and Congress should elevate the role of Science 
Diplomacy in U.S. national security and foreign policy, and work to: 


> Strengthen links between U.S. and foreign scientific 
communities as a key part of U.S. diplomacy; 


> Offer scientific cooperation and technological assistance 
as a bridge to opening broader dialogue with former 
adversaries and as an incentive to prevent conflict; 


> Bring the world’s top scientists and engineers together 
to tackle pressing global challenges like energy security, 
climate change, poverty, disease, and WMD proliferation; 
and 


» Provide funding for exchange programs, collaborative 
research, technical assistance and capacity building to 
fully qualified U.S. governmental and non-governmental 
organizations. é 
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HIGH CONTENT 
SCREENING GOES LIVE 


Faster, more powerful, and cheaper, platforms are expanding the use 
of high content screening. Researchers are increasingly using stem 
cells and primary cells to better understand real-life cell signaling, 
while the use of live cells is also on the rise. Key areas of develop- 
ment are likely to lie in biology, chemistry, and software, rather than 
hardware. By Anne Harding 


hen high content screening (HCS) was introduced a 

decade ago, pharma companies were quick to see 

the technique’s usefulness for compound toxicity 

screening and mode-of-action studies using fixed 
cells. HCS applications have expanded rapidly as the technology 
becomes increasingly sophisticated and powerful, and costs 
come down. Researchers in pharma and academia now use HCS 
to study cell signaling and RNA interference, increasingly with 
live cells. 

And now that Bush-era restrictions have been lifted, investiga- 
tors are shaping stem cells into models of tissue types and dis- 
ease states; multiparametric data analysis of drug effects on these 
cells could, some say, edge out animal experimentation. 

"| believe that after a decade of developing high content screen- 
ing techniques they've been validated as a superior discovery 
tool,” says Michael Sjaastad, marketing director of cellular imaging 
products for MDS Analytical Technologies, now the parent com- 
pany of Molecular Devices. The next step, Sjaastad and many of 
his colleagues agree, will be industrial-scale HCS capable of, for 
example, screening “a million compounds in a couple of weeks.” 

Meanwhile, companies that make HCS systems are coming out 
with more powerful, less expensive, and evermore-flexible ma- 
chines, like GE Healthcare’s IN Cell 2000, Thermo Fisher Cel- 
lomics’ ArrayScan, PerkinElmer’s Operetta, Molecular Devices’ 
Image XPress Micro and IsoCyte, TTP Labtech’s Acumen eX3, 
and Compucyte’s |Cyte. 

“What we're seeing is a lot of more affordable platforms that are 
extremely powerful,’ says Randall K. Wetzel, who manages clini- 
cal applications and cytometry at Danvers, Massachusetts-based 
Cell Signaling Technology. “And that's good for the industry. 
More competition means better machines.” 


Seeing with Automated Eyes 
High content analysis (HCA) involves extracting data from images, 
while HCS is essentially the same process, taken to the next 
level: data from images becomes high throughput, and analysis 
is automated. 

In HCS, a microscope or laser scanner records multiple fluores- 
cent readouts within thousands of individual cells. The investigator 
will “tell” the system what to look at—for example, the shape 
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"| believe that after a decade of 


developing high content screening 
techniques they've been validated 
as a superior discovery tool.” 


of cells or structures within them, the fluorescence intensity of 
nuclei, or one of many other parameters illustrating temporal and 
spatial changes within the cell. Then the numbers get crunched. 

There are also confocal cytometers, including GE's IN Cell 3000, 
PerkinElmer’s Opera, and Molecular Devices’ ImageXPress Ultra, 
that produce ultrahigh resolution images. GE's new IN Cell 2000 
is not confocal, but produces comparably high resolution images, 
quickly, thanks to image restoration, according to Cathy Howat, 
marketing director for cell technologies at GE Healthcare. 

A key advantage of HCS is that, unlike the human eye, it's unbi- 
ased. “It's a robot that's taking the images,” explains Marc Bickle, 
who directs the High-Throughput Technology Development Studio 
at the Max Planck Society's Institute of Molecular Cell Biology 
and Genetics in Dresden, Germany. “A human being will look for 
the nice cells to take pictures of, introducing a bias." A human eye 
is still needed to check the robot's work, Bickle adds, but “the pri- 
mary analysis is done purely by extracting numbers.” 

And images mean unprecedented quantities of digital informa- 
tion, he notes, such that garden-variety software just can’t handle 
it. A single screen, for example, can yield 23 terabytes of data. 

This means HCS users are having to come up with entirely new 
ways of making sense of the data it produces, says continued » 
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“You sometimes see surprises 
when you look at the images, 
something that you were not 
thinking of to measure.” 


Steven Finkbeiner, who directs the Taube-Koret Center for Hunting- 
ton’s Disease Research at the University of California, San Fran- 
cisco. “It turns out that you have to actually invent new statistics 
for a lot of this stuff, because it just hasn't been handled before,” 
says Finkbeiner, who uses HCS to study molecular mechanisms of 
neurodegeneration and plasticity. 


Cells As ‘Little Patients’ 

Using HCS to study live cells is a lot like making a movie of that 
cell's life, according to Finkbeiner. But instead of just one subject, 
that “movie” meshes together the biographies of thousands or 
even millions of cells. This makes it possible for researchers to 
observe processes like neurodegeneration with unprecedented 
sensitivity. 

Finkbeiner and his team are using the technique to predict 
whether a cell exhibiting a particular change lives longer, or dies 
sooner. They've developed a way to ensure that images taken of 
cell cultures from one day to the next will track the exact same 
individual cells every time. “The big leap for us has been that we 
can now follow them for as long as we need to, up to months if 
we have to. We can essentially treat them like little patients,’ he 
explains. The technique is indeed a bit like conducting a clinical 
trial, with microscopic subjects in the millions. Survival statistics 
normally used for patient studies can be employed in high content 
screening, because of the massive number of cells included in 
these analyses. 

And while HCS eliminates the human element of bias, it doesn’t 
eliminate serendipity. "You sometimes see surprises when you 
look at the images, something that you were not thinking of to 
measure,’ says Marjo Goette, who is head of the high content 
screening lab at Novartis Pharma in Basel, Switzerland 

Imaging is an approach that allows you to, on the one hand, go 
in and ask a specific question, but you also get a lot of information 
for free,’ Finkbeiner concurs 


Making Sense of Terabytes of Data 
Software is a major focus of development in HCS technology, 
from applications that allow less experienced users to do “out of 
the box" assays, to programs for analyzing, retrieving, and stor 
ing massive amounts of data. There are third-party companies that 
make back-end software for HCS, and most companies that make 
HCS imaging equipment write their own software, too. 

Cellomics, now part of Thermo Fisher Scientific, released a new 
data visualization and mining tool, HCSDiscover, in April 2009. The 


ss Office Feature 


software, developed in collaboration with Genedata, is built for 
dealing with large volumes of multiparameter high content data, 
particularly for scientists working on “compound or RNAi screen- 
ing, toxicity profiling, or systems biology research,” according to 
the company’s website. GE Healthcare launched its own data min- 
ing system, the IN Cell Miner High-Content Manager, in 2008, 

Molecular Devices’ Sjaastad says great flexibility in software is a 
shared advantage of its three HCS systems, the ImageXpress Mi- 
cro Wide-field, CCD-based imaging system; the ImageXpress Ultra 
Confocal Imaging System; and the IsoCyte High-Speed Scanning 
Cytometer. MetaXpress software for high-content acquisition and 
analysis is built upon the backbone of MetaMorph software, “the 
industry standard tool for cell biology and imaging research for well 
over 20 years,’ according to Sjaastad. 

MetaXpress offers a suite of validated application modules, data- 
base communication, and other user-friendly bells and whistles for 
high content research. Given that it is based on a widely accepted 
imaging package, “MetaXpress doesn't give up any of the capabil- 
ity of the original research-grade software,’ he adds. 

Additional offerings from the company include software to ac- 
celerate image analysis and to link directly to MDS's imaging data- 
base to retrieve and mine multiparametric data. AcuityXpress, for 
example, allows users to click on plotted data points and “drill right 
down” to original images of single cells, Sjaastad explains. 

In addition to finding the desired results and “hits,” tools for data 
mining allow users to spot outliers or unexpected results and in- 
vestigate them further, notes Sjaastad. For example, data mining 
in AcuityXpress can reveal trends for quality control. One example 
was the ability to track down a malfunction in a liquid handling de- 
vice; a subpopulation of the analysis showed no cells in a particular 
set of wells on several plates in a screen. This turned out to be due 
to a plugged pipette tip. “That fell out of basic QC analysis tools 
applied by an experienced user.” Sjaastad says. 

For companies that are scaling up and want to avoid image 
analysis bottlenecks, Molecular Devices offers its MetaExpress 
Powercore software, which uses highly parallel image analysis to 
increase capacity by orders of magnitude, as needed. “Your image 
analysis can be conducted in at least the same time frame as im- 
age acquisition, and in many cases can allow multiple instruments 
to be used simultaneously,’ says Sjaastad. 

Integrating images taken in different formats or using equipment 
from different vendors—which is something that most major cen- 
ters doing HCS need, because each system has its advantages for 
particular applications—remains a major challenge, says Novartis's 
Goette. “There are some applications being developed, but they 
are not yet really mature.” 


Checking in with Reality 
Gerardo Turcatti, who runs the Biomolecular Screening Facility at 
the School of Life Sciences of the Ecole Polytechnique Fédérale 
de Lausanne (EFPL) in Switzerland, started using HCS two years 
ago. “We are learning a lot, and we are seeing the limitations,” 
Turcatti said. 

He's currently running two whole-genome screens in parallel us- 
ing genomewide siRNA collections. One project is investigating 
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the genes regulating the translocation of cholesterol and other lip- 
ids from the cell membrane to internal compartments of cells. He 
and his colleagues are looking at three siRNAs per gene, in dupli- 
cate, for a total of about 160,000 data points, including controls. 

“Our projects have been a bit of a reality check,” Turcatti says, 
after the initial enthusiasm and excitement about the potential of 
HCS. “Users of screening by imaging are starting to understand 
that these are not trivial projects; assay validation is time-consum- 
ing and expensive, in particular for the academic community.” 

InTurcatti's opinion, the big advances in HCS technology are likely 
to be made in biology and chemistry: handling live cells, multiplex- 
ing dyes, and identifying more relevant biomarkers applicable to 
both RNAi and chemical screens. Right now, he notes, researchers 
do have biomarkers for particular cellular processes or properties, 
such as apoptosis and probes of viability in general. “| think there 
is a lot of progress to be made there,” he said. 

Some companies that produce HCS instrumentation have 
gotten into the business of selling reagent kits, but these are 
costly, according to Turcatti. While these kits might be useful and 
affordable for assays in a research lab, he argues, it can make 
more sense for investigators to develop their own approaches 
and strategies for generating labeled species for major projects, 
such as some large screening campaigns. Building the necessary 
capacity and expertise in bioorganic chemistry to do this could 
offer major competitive advantages, says Turcatti, because “you 
may have more flexibility with your own invented or customized 
tools,’ at a lower cost 


Lending a Hand with Antibodies 

Unsurprisingly, Wetzel of Cell Signaling Technology (CST) sees 
things differently. His company makes validated and optimized an- 
tibodies for use in HCS, and now has nearly 700 on offer for use in 
cell-based assays. 

These types of products are worthwhile, according to Wetzel, 
because they eliminate down time spent developing antibodies 
and assays. Rather than have customers in pharma, biotech, and 
academia take highly skilled screening teams offline to work on de- 
veloping antibodies and assays, Wetzel explains, CST gives them a 
“valuable toolbox to monitor signaling from just about any pathway 
in a cell with the specific mutations and cellular signaling that best 
matches the disease they're targeting—not in an engineered cell 
with artificially expressed proteins.” 

CST can also align antibodies in panels and do multiplex staining 
to answer key questions more quickly, like whether a compound 
is getting into a cell and whether it acts on its intended target. 
“We can combine endpoints to monitor downstream signaling, 
off-target effects, proliferation, apopotosis, autophagy, DNA dam- 
age, and/or toxicity—in one plate or even in one well, through mul- 
tiplexing,” he explains. 

Invitrogen, now a part of Life Technologies, also offers an 
array of ready-made assays for use in HCS, reagents for image 
segmentation, fluorescent protein and expression tags, and more, 
and will also develop custom HCS assays. 

GE Healthcare makes several reagents for use in HCS, and 
Thermo Fisher offers a wide range of Cellomics HCS Reagent Kits. 
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Max Planck Society 
www.mpg.de/english 


Cellomics (Thermo Fisher) 
www.cellomics.com 


MDS Analytical Technologies 
(Molecular Devices) 
www.moleculardevices.com 


Cell Signaling Technology 
www.cellsignal.com 


Compucyte 
www.compucyte.com Novartis Pharma 


‘www.novartis.com 
Ecole Polytechnique Fédérale 
de Lausanne 
wwwepfl.ch/index.en.html 


GE Healthcare 
wwwgehealthcare.com 


PerkinElmer 
www.perkinelmer.com 


Thermo Fisher Scientific 
www.thermofisher.com 


TTP Labtech 
www.ttplabtech.com 


Genedata 
wwwgenedata.com 


University of California, 
San Francisco 
www.ucsf.edu 


Geron 
www.geron.com 


Invitrogen (Life Technologies) 
www.invitrogen.com 


MDS Analytical Technologies, Molecular Devices’ parent company, 
offers cell-based reagent kits and also licenses its Transfluor assay, 
which is used to screen for GPCR ligands and other potentially 
GPCR-regulating compounds. 


Getting into the Cell Business 

More and more investigators working in HCS are moving from us- 
ing mouse, hamster, HeLa, and other generic cell lines in their 
research to studying primary cells and stem cells, while analysis 
of live cells is also becoming an increasingly important feature of 
this research. “The trend is that people are trying to develop more 
physiological assays,’ says Novartis's Goette. 

Nobody has gotten into the business of making and commer 
cializing these cells, until now. GE Healthcare has hired Stephen 
Minger, who directed the first group in the UK that banked an em- 
bryonic stem cell in the UK cell bank, as head of research and de- 
velopment for the cell technology business. In collaboration with 
Geron, Minger's team will develop cardiomyocytes and hepato- 
cytes, and possibly neural cells later on, that will make "a more 
predictive model” for toxicity to specific tissue types, says Cathy 
Howat. “Not only will we have the hardware and the software for 
sophisticated cell analysis; we will also have the cells themselves.” 
Howat said GE Healthcare expects to begin marketing the cells 
this year. 


Anne Harding is a freelance science writer based near New 
York City. 


DOI: 10.1126/science.opms.p1000041 
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FLUIDIC HEATING CONTROL 

The Mitos Hotplate Adapter enables exact temperature control of mi- \ 
crofluidic chips in conjunction with a range of hotplates, It is compat- 
ible with the Mitos Micromixer chip, the Mitos Tjunction chip, the Mitos 
Thin-layer chip, and the Mitos Droplet Generator chip. With a compact 
footprint of 39 mm by 43 mm, the Hotplate Adapter provides precise 
control over reaction temperatures. Its excellent chemical compatibility, 
along with quick-chip connection and release, makes it easy to use in 
heat-controlled microfluidic applications. The Mitos Hotplate provides a 
temperature range of room temperature to 300°C, facilitating a wide 
range of processes. This hotplate is digitally controlled with an exter 
nal thermocouple temperature probe, which can be attached to the 


Hotplate Adapter for optimal temperature control. 


Dolomite For info: +44-1763-242491 | www.dolomite-microfluidics.com } 


HIGH-VOLUME MICROPLATE 

The Krystal 24 microplate’s 3.1-ml well volume makes it suit- 
able for screening applications that require high sensitivity 
combined with photometrics accuracy and repeatability. The 
large surface area of the wells makes the tissue-culture-treat- 
ed version of the plate suitable for cell-growth applications. 
The Krystal 24 microplates are constructed of ultrapure-grade 
polystyrene and available in opaque white and solid black for 
mats. The black plate provides the all-absorbing background 
needed to minimize background interference for sensitive flu- 
orescence measurements. The opaque white plate maximiz- 
es reflectivity, enabling even weakly emitting luminescence 
assays to be routinely undertaken. In addition to optimized 
luminescence and fluorescence measurements, the unique 
design offers improved cell-binding efficiency and provides 
the convenience of direct measurement on bottom-reading 
spectrophotometers and inverted microscopes. 

Porvair Sciences 

For info: +44-1372-824290 | www.porvair-sciences.com 


MICROFLUIDIC GLASS CHIP 

The glass Mitos Capillary Electrophoresis Chip A is designed 
to separate small quantities of biological molecules by 
capillary electrophoresis. Measuring only 15 mm by 45 
mm by 2 mm, this electrophoresis chip combines a cross- 
channel design with a 20-44m channel depth and a 30-mm 
long channel for accurate analysis of the separation. Offering 
excellent chemical compatibility, the chip separates species in 
the interior of the microchannel based on their size-to-charge 
ratio. The high surface-to-volume ratio of the microchannels 
enables the application of high voltages without overheating 
the samples. An extremely smooth channel surface, in 
combination with a wide pressure and temperature range, 
makes it suitable for a broad range of applications. 

Dolomite 

For info: +44-1763-242491 | www.dolomite-microfluidics.com 


ASSAY PANELS 

The Milliplex MAP EpiQuant assay panels are a new family of 
phosphotyrosine multiplex assays designed to advance cell 
signaling research. Compared with existing techniques, these 
assays give researchers a more complete view of how cells 
send molecular signals. The Milliplex MAP EpiQuant platform 
can quantify numerous signals coming from either a single 
protein, multiple proteins in a pathway, or multiple pathways. 
The assays allow the simultaneous measurement of more 
than 40 analytes in one well, so whole pathways can be 
analyzed in a single 96-well plate. Researchers can also use 
the panels to detect cross-talk between pathways. The assays 
provide absolute quantitation of total and phosphorylated 
proteins, enabling direct comparison of signaling events in 
different pathways. 

Millipore 

For info: 800-548-7853 | www.millipore.com/4multiplexing 


CELL MIGRATION ASSAY 

The Oris Pro Cell Migration Assay makes use of a nontoxic 
biocompatible gel to form a cell-free zone on cell culture 
surfaces. After cells are seeded into the 96-well plate, the gel 
dissolves, permitting cells to migrate into the well centers, 
The kit enables researchers to save time and money by using 
automated liquid-handling equipment for fast setup of high 
throughput assays. Researchers can capture and quantify 
real-time cell migration data using microscopes and high 
content screening, and high content imaging instruments. 
The new Oris Pro Assay complements the Oris line of cell 
migration assay products that feature patent-pending, cell- 
seeding stoppers to create cell-free detection zones in the 
center of each well. 

Platypus Technologies 

For info: 608-237-1270 | www.platypustech.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 


featured in this space. Emphasis 


given to purpose, chief characteristics, and availabilty of products and materials. Endorsement by Science or AAAS of any products or 


materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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Around the world, governments turn to AAAS as 
an objective, multidisciplinary scientific authority 
to educate public officials and judicial figures on 
today’s most pressing issues. And this is just one 
of the ways that AAAS is committed to advancing 
scienceto supportahealthyand prosperous world. 
Join us. Together we can make a difference. 


To learn more, visit: aaas.org/plusyou/policy 
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Scientist positions at Novo Nordisk e] 
China R&D center 


Zhongguancun Life Science Park, Beijing, China novo nordisk” 


Novo Nordisk China R&D center is an integrated part of Novo Nordisk’s 
R&D organization. Currently, the R&D center has four research 
departments: Molecular Biology, Protein Chemistry, Cell Biology, and 
the newly formed Diabetes Research. The center is expanding its Protein 
& Antibody Development capabilities to leverage its core 
competencies to support ongoing projects and contribute to the identification 
Ww molecular targets for the treatment of diabetes, autoimmune and 
inflammatory diseases. We are secking innovative and energetic scientists 
who plan to advance their career in China to fill in the open positions 
described below 


1. Scientist/Senior Scientist, Antibody PI 
MBI) 


Display (Job Code: 


Responsibility 
Lead effort on antibody discovery/generation via phage display selection 
process; Strategic and scientific activities related to the discovery and design 
of recombinant antibody 


Requirements. 

+ Ph.D. in Molecular Biology, Biochemistry or Immunology, and >3 years 
of relevant post-doc experience 

+ A proven track record with phage display or other display platforms 

+ Solid knowledge and hands-on in-depth experience in various molecular 
biology techniques, in particular in antibody library construction, 
engineering, expression, purification and characterization 


2. Scientist in Molecular biology/Protein Expression (2 positions) 


Responsibility 
Play a direct role in developing and optimizing recombinant protein 
expression systems for multiple proteins to support therapeutic protein 
production, protein engineering and assay development. 


Requirements. 

+ Ph.D. in Molecular Biology, Biochemistry or relevant biological science, 
2-5 years experience in protein expression and engineering 

+ Proven hands-on experience in transient transfections and in stable c: 
line development or through-put cell culture 

+ Expert knowledge of applicable state-of-art cell scale-up or through-put 
technologies and methods in molecular biology 

In addition, specific requirements for the individual positions. 

Job Code MB2: Experience in immunology or inflammatory research 

Job Code MB3: A proven track record in diabetes research; some bio- 

informatics experience is preferred. 

3. Scientist/Senior Scientist/P 

(2 positions) 


n 


incipal Scientist in Protein Chemistry 


Responsibility 

Purify and characterize various proteins at laboratory to pilot scale to 
support therapeutic protein drug R&D, and actively participate in discovery 
of new and improved therapeutic proteins or antibodies against diabetes 
and/or inflammatory diseases. 


Requirements 

+ Ph.D. inbiochemistry, protein chemistry, proteomics or other life sciences 
with a minimum of two years post doctorate research experience 

+ A thorough understanding and solid hands-on experience on protein, 
engineering, refolding, purification, characterization and assay 
development 

+ Solid hands-on experience with some of the following equipments 
AKTA, HPLC, LC-MS, HT ELISA, HT AlphaScreen, and other HT 
biophysical screening experience would be a plus 


In addition, specific requirements for the individual positions. 
Job Code PCI: A good track record of research in immunology or 
inflammation is preferred 

Job Code PC2: A proven track record in diabetes research would be an 
advantage; experience in protein stability and initial formulation would 
be an advantage. 


Forall positions, excellent communication skills in English, flexibility and 
the desire to work within a multidisciplinary team are required. Industry 
and patent experience is strongly preferred. Title and compensation will 
be commensurate with the individual candidate's qualifications, For 
detailed information, please browse www.ebiotrade.com for positions 
from our center, or visit our website www.novonordisk.com.en (science 
and research section). For application, please send your application and a 
cover letter in e-mail to InfoNNST@novonordisk.com, and indicate Job 
Code in your mail subject 
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From the journal Science 


OSITIONS OPEN 


UNIVERSITY of CALIFORNIA, SAN DIEGO 
SCHOOL OF MEDICINE 
DIRECTOR 

‘The Department of Pediatrics at the University of 
California, San Diego and Rady Children’s Hospital 
of San Diego are recruiting a senior physician 
to be the Director of the newly created Pediatric 
Diabetes Research Center (PDRC). The academic 
series will be determined based on the background 
and qualifications of the successfull candidate, and will 
include the tenured series, The faculty currently in 
cludes seven scientists and/or_physician-scientists, 
with a variety of interests in basic research in type 1 
diabetes, all of whom are receiving extramur 
funding. ‘This is complemented with a strong clinical 
component provided by the Division of Pe 
Endocrinology which includes nine faculty 
and an Accreditation Council for Graduate Medical 
Eduecation-approved fellowship program with thr 
fellows, This program operates a busy diabetic servi 
at the Rady Children’s Hospital of San Diego, 220. 
bed facility that serves as a major regional tertiary care 
hospital for children and is the major teaching facility 
for the Department of Pediatrics of the UCSD School 
of Med 


candidate will have expertise in fostering, 
scientific excellence while developing an integrated 
program that will bridge the gap between basic science 
and clinical medicine. Although responsibility for clin 
ical care is not mandatory, an appreciation of the 
impact of type 1 diabetes on an individual is essential. 
The position carries with it an Endowed Chair. 
Please electronically send curriculum vitae to Kenneth 
Lyons Jones, M.D., Chair of the Search Commi 
tee, e-mail: klyons@uesd.edu, or by surfice mail to: 
9500 Gilman Drive, La Jolla, CA 92093-0828. 
Applications will be considered until April 30, 2010, 
or until a final applicant has been selected. UCSD is an 
Affirmative Action /Equal Opportunity Employer with a strong 
institutional commitment of excellence dhrough diversity. 


POSTDOCTORAL FELLOWSHIP 
Molecular Biology 
Research and Teaching 

‘The Department of Biology at Villanova Univer 
sity invites applications for a Postdoctoral Fellowship 
(50 percent teaching, 50 percent research) in mo- 
Iccular biology, starting August 2010. One-year po- 
sition, renewable for up to two years. Positions are 
ideal for establishing credentials in research and te 
ing; critical in applications to many undergraduate 
tenure-track positions. Teaching assignments include 
a methods course in molecular techniques/rescarch 
and a molecular biology course in area of specialization 
or a team-taught assignment in molecular biol 
Specific research area is open, and several opportuni 
for collaboration with faculty in the Department exist 
(sce website: http://www. biology.villanova.edu). 
A Ph.D. is required. Applicants must apply online at 
website: https://jobs.villanova.edu, ‘The online ap- 
plication should include a letter of app! 
curriculum vitae, and statements of teaching, 
rch philosophy. Please mail undergraduate 
graduate transcripts and have three letters of recom: 
mendation sent to: Postdoctoral Search Committee, 
Department of Biology, Villanova University, 800 
Lancaster Avenue, Villanova, PA 19085-1699. 
Review of applications begins March 15, 2010, and 


will continue until the position is filled. Villanova i a 
Roman Catholic university and an Afinnative Adion/Equal 
Employment Opportunity Employer. 


CLIMATE ANALYSIS/PREDICTION SCI- 
ENTIST. Experience required to work in Green 
belt, Maryland. For immediate consideration, submit 
your resume at website: http://www.saic.com/ 
career, reference job code 164687. At SAIC, the 
Fortune 500 scientific, engineering, and technology 
applications company that is working to solve prob- 
lems of vital importance to the nation and the world. 
Consider joining the ranks of SAIC’s 45,000 em- 
ployees who are committed to success and innovation. 


POSITIONS OPEN 


RICE 


Applications are invited for a tenure-track AS- 
SISTANT PROFESSOR faculty position in the 
Biochemistry and Cell Biology Department of Rice 
We seck an outstanding. sc 
broad areas of experimental the 
oretical biological research, with particular emphasis 
in cell, developmental, and/or cancer biology, Can- 
didates using interdisciplinary approaches and/or 
model organisms are especially encouraged to app 
Candidates must have a Ph.D,, postdoctoral t 
ing, and outstanding research potential, Suc 
candidates are expected to develop and maintain a 
vigorous research program supported by extramural 
funding and to participate in graduate and under: 
graduate education. Review of applications will com- 
mence March 1, 2010, and continue until the 
position is filled, 

Please compile a PDE containing a cover letter, cu 
riculum vitae, summary of past research, and state- 
ment of firture research plans. Please send electre 
to e-mail: bebsearch@rice.edu, Also, please 
for four letters of reference to be sent to the sa 
e-mail address, 

Rice University is an Equal Opportunity/Affirmative Ac- 
tion Employer; women and minority candidates are especially 
encouraged to apply. 


ASSISTANT/ASSOCIATE PROFESSOR of 
TOXICOLOGY 
University of Connecticut, Storrs, CT 

‘The Department of Pharmaceutical Sciences at the 
University of Connecticut, School of Pharmacy, i 
vires applications for a tenure-track faculty position 
in neurotoxicology at the Assistant or Associate Pro- 
fessor level, starting August 23, 2010, We are secking 
a toxicologist with a strong background in rese: 
and teaching with a focus on the toxic effects of xe- 
nobioties on the central and/or peripheral nervous 
system and/or developmental neurotoxicology. This 
will complement the interests of the faculty in the 
Department of Pharm: I Sciences, which in- 
cludes integrative approaches to clucidate mechanisms 
of drug or toxicant action, drug discovery and design, 
and pharmaceutical technology. The Department is 
housed in a new 200,000 square foot state-of-th 
art building in the science quad of the University of 
Connecticut and encourages faculty interdisciplinary 
interactions with other programs of the Univei 
such as Physiology/Neurobiology and the Molecular 

ind Cell Biology Program, The successful candidate 
expected to develop a strong, extramurally funded 
research program and to effectively participate in teach 
ing at the graduate and professional levels. A compet 
itive salary along, with startup funds will be provided, 
Qualifications: Applicants must possess a Ph.D. degree 
or equivalent, strong oral and written communication 
skills, and a strong background in research and te: 
ing with a focus on the toxic effects of xenobiotics on 
the central and/or peripheral nervous system and/or 
developmental neurotoxicology. 

Applicants should submit 
statement of research and teaching interests, and names 
and full addresses of three references, We would pre- 
fer to receive your application electronically at e-mai 
leslie.lebel@uconn.edu or by surface mail sent to: 
Leslie LeBel, University of Connecticut, School of 
Pharmacy, Department of Pharmaceutical Sciences, 
69 North Eagleville Road, Unit 3092, Storrs, CT 
06269-3092. Review of applications will start on 
April 16, 2010, and continue until the position is 
filled. In keeping with our commitment to build a culturally 
diverse community, the University of Connecticut invites appli 
cations from women, people with disabilities, arid members of 
‘minority groups. 


riculum vitae, a brief 
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The Medical Faculty of Ulm University invites 
applications for the position of a 


Professorship in Immunology W3 


(Head of the Institute) 


We are seeking a candidate with an outstanding 
international research record in the field of mo- 
lecular immunology. Teaching experience as well 
as excellent third party funding are also required. 
The successful candidate should cooperate with 
research centres of the Medical Faculty and Univer- 
sity (among others DFG-funded Collaborative 
Research Centres, Clinical Research Units, Max- 
Planck-Research Group) and should interact with 
institutions of the University Hospital. In addition, 
we expect the candidate to actively participate in 
the development of novel interdisciplinary research 
centres/units. 


Candidates must have a MD and/or PhD, or equiv- 
alent doctoral degree. Teaching obligations require 
the candidate to have a postdoctoral lecture qual- 
ification (Habilitation in German or comparable 
qualification like Junior Professor). The major 
teaching language is German. 


Ulm University and its University Hospital are 
certified in a family program and offer a dual 
career service program. 


Ulm University aims to increase the number of 
women among the faculty staff and therefore 
explicitly encourages the application of female 
scientists. 


Applications including the application form, a 
full CV, a complete list of grants and publications 
and a summary of current research activities 

and objectives should be sent to (and received 
not later than March 15, 2010): Ulm University, 
Professor Dr. K.-M. Debatin, Dean of the Medical 
Faculty, D-89069 Ulm. 


The University is an equal 
opportunity employer and 
handicapped applicants with 
equivalent qualifications will 
be given preference. A 


PRESIDENT AND 


CHIEF EXECUTIVE OFFICER 
THE METHODIST HOSPITAL 
RESEARCH INSTITUTE 
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The Methodist Hospital Research Institute (TMHRI) is 
a cornerstone in The Methodist Hospital's strategy for 
continued development as an academic medical center. 
Since its inception in 2004, the Research Institute has 
received more than $21 million in funding from the 
National Institutes of Health, and its peer-reviewed 
funding is increasing exponentially each year. TMHRI 
oversees all clinical trials at The Methodist Hospital, 
with 700 clinical trials currently under way and 1,700 
credentialed research team members, including more 
than 400 principal investigators. The Research Institute 
is affiliated with Weill Cornell Medical College and the 
University of Houston. 


With the planned retirement of the founding director of 

the Institute, Methodist is in need of a collaborative leader 

to guide TMHRI to its next level of accomplishment. 

The Methodist Hospital Research Institute Clinical and 
Translational Research Building, a new 440,000 square foot 
facility, will open this year and will add substantially to the 
Research Institute’s space portfolio. The building, includes 
open laboratory space designed to house 90 principal 
investigators, large and small animal vivarium, core facilities 
to enhance interdisciplinary research, a Good Manufacturing 
Practice facility, state-of-the-art imaging equipment including 
cyclotron for both preclinical and clinical studies, and a BSL- 
3 laboratory for infectious disease research. 


Candidates must have an earned doctoral degree and a 
record of personal research achievement commensurate 
with a Weill Cornell Medical College appointment at the 
rank of full Professor. Additional relevant education or 
experience will be advantageous. Previous experience in 
research administration is preferred. 


‘The Methodist Hospital is the flagship of The Methodist 
tem and located in the heart of The Texas 


hospital in Texas named to U. ‘S. News & World Report's 2009 
“America’s Best Hospitals” Honor Roll. 


Join us as we celebrate our 90th year as a leading health care 
provider in our community and the world! The successful 
candidate will receive a generous salary, fringe benefits, and 


relocation package. To apply or nominate 
Heh ee 


a candidate in confidence, e-mail CV to: 
Metha@list’ The Methodist Hospital 


elle Baehl, Executive Recruitment for 
The Methodist Hospital Research Institute, 
==! Research Institute 
Houston, Texas 


mabaehl@tmhs.org. 
LEADING MEDICINE’ 
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Whitacre Chair in 
Energy Science and Engineering 


The Department of Chemical Engineering at Texas Tech University 
is actively seeking to fill the newly endowed Whitacre Chair in 
Sustainable Energy. Candidates for the position will be exceptional 
individuals whose research areas are aligned with the university goals 
of creating a strong multi departmental research base in Sustainable 
Energy at Texas Tech University. The selected individual will be an 
internationally recognized leader in his or her field as demonstrated 
by such metrics as the peer reviewed publication and citation records, 
national recognitions such as major awards or fellowships in technical 
societies, and a strong track record of competitive research funding 
The Department of Chemical Engineering at Texas Tech University 
has embarked on building a nationally recognized research-intensive 
department with strengths in Polymer 

and Biotechnology, Computational Chemica 

cess Systems and Engineering. The successful candidate is expected 
to expand the research portfolio of the department into Sustainable 
Energy. The position is an Endowed Chair at the level of Full Professor 
and incumbents will be expected to participate in research, servi 
and teaching at this level. It is anticipated that suce 

will have very strong records of scholarship supported by extramural 
funding and that externally sponsored research will be brought to 
Texas Tech University. 


Interested candidates should apply online at https:// 
jobs.texastech.edu/. Please use requisition number 80764. Inter- 
ested candidates should include a detailed CV, a research statement, 
and a list of five referees. For further information, please contact the 
search committee chair, DrRaghu Rengasamy at raghu.rengasamy 
@ttu.edu, 


Texas Tech is an Equal Opportunity Employer. 


UNIVERSITY OF MISSOURI-KANSAS CITY 
SCHOOL OF BIOLOGICAL SCIENCES 
Professor and Head, 

Division of Cell Biology and Biophysics 


Applications are invited for Professor and Head of the Division of Cell 
Biology and Biophysics at the School of Biological Sciences, University 
of Missouri-Kansas City. The successful candidate should have a record of 
excellence in research with sustained extramural funding. The candidate 
will be expected to play a leadership role in graduate and undergraduate 
education, faculty mentorship, determining future research directions, 
and in the overall development and growth of the School. The School of 
Biological Sciences is positioning itself to become a regional leader in 
the areas of structural, molecular, and cellular biology, and microbiol- 
ogy, and welcomes applications from qualified candidates in those areas. 
However, outstanding scientists from all areas of basic life sciences are 
encouraged to apply. The successful candidate will receive an endowed 
professorship accompanied by a generous annual rescarch stipend, a 
competitive 12-month salary, renovated rescarch space, a start-up pack- 
age commensurate with rank, and the availability of excellent rescarch 
support facilities within the School of Biological Sciences. Candidates 
should have a Ph.D. and currently hold a tenured academic position at 
the rank of Professor. 


To apply, please submit electronically (MS Word or pdf) a CV, a statement 
of present and future research interests, and the names and addresses of 
3 references to: Ms. Micaela Escareno (escarenom@umke.edu). All 
materials will be handled with strict confidentiality. The position will 
remain open until filled. 

UMKC is an Equal Access, Equal Opportunity Affirmative Action 
Employer that is fully committed to achieving a diverse faculty and 
staff. Women, minorities, veterans, and individuals with disabilities 

are encouraged to apply 


ASSISTANT, ASSOCIATE, FULL PROFESSOR 
(Bioinformatics) 


Hunter College of The City University of New York invites 
applications for a tenure-track faculty position in bioinformatics and 
high performance computing with expertise in the development, 
adaptation and implementation of HPC algorithms applied to such 
data-intensive biological areas as (but not limited to) next-generation 
sequencing, biomedical ontologies, and systems biology, 


The successful candidate will be appointed to the doctoral faculty at 
the CUNY Graduate Center and will participate actively in Hunter's 
NIH-funded Quantitative Biology (QuBi) Project 

The anticipated start date is Fall 2010. The appointment will be made 
in the Department of Computer Science or Biological Sciences 
depending on qualifications. Preference will be given to candidates 
with well-established strong records of peer-reviewed publications 
and external funding, but exceptional junior candidates will also be 
considered, Evaluation is ongoing and will continue until the position 
is filled. 

Hunter's computing and biomedical research community, is 
supported by extensive funding from NIH and NSF. Hunter College is 
strategically located in Manhattan near other major biomedical 
research centers and universities and attracts an engaging and 
diverse student body. 


For information on how to apply, visit: 
http:/Awww. hunter.cuny.edu/qubi/ 
Questions may be emailed to 
bioinformatics@hunter.cuny.edu 

The Gity University of New York 

An Equal Employment Opportunity/Attirmative 
Action/Immigration Reform and Control Act/ 
Americans with Disabilities Act Employer 


HUNTER IS ny | 


CLINICAL ASSISTANT PROFESSOR 
OF BIOINFORMATICS 
Department of Biology 

ArTS AND SCIENCE 


The Department of Biology at New York University invites 
applications for a Clinical Assistant Professor appointment to 
start September 1, 2010, pending budgetary and administrative 
approval. Responsibilities include developing and teaching a 
curriculum in bioinformatics, as well as coordinating the 
Department's Academic Affairs portfolio. Teaching duties will 
include four course offerings annually (2 per semester) in addition 
to the above academic administrative responsibilities. Previous 
research, teaching and administrative experience is preferred. 
Successful candidates will have a PhD in Biology and/or 
Informatics as well as prior teaching experience. The Department 
of Biology (http://biology.as.nyu.edu) offers an outstanding and 
collegial research environment. 


Candidates should submit a single PDF file containing a Cover 
Letter, CV, and Statement that outlines previous teaching 
experience to biology.informaticssearch@nyu.edu. The following 
address can be used for the cover letter: Dr. Gloria Coruzzi, 
Department of Biology, New York University, 1009 Silver Center, 
100 Washington Square East, New York, NY 10003. Three 
POF letters of reference should also be submitted separately to 
biology.informaticssearch@nyu.edu. Closing date for all materials 
is March 31, 2010, 


+ NEW YORK UNIVERSITY 


NYU is an Equal Opportunity/Affirmative Action Employer. 


www.uva.nl/vacancies 


The Faculty of Science of the University of Amsterdam attaches great importance to the contribution of female scientists 
in research and education. For this reason we are offering: 


5 MacGILLAvry FELLOWSHIPS FOR WOMEN 
(TENURE TRACK) os- 108% 


in a concerted recruitment programme named after the ground breaking The scientific disciplines of the Faculty are: g 
crystallographer Carolina MacGillavry, an UvA alumnus. We are looking * Biological Science and Biomedical Science p 
for women who excel in one of the faculty's disciplines and who aspire + Earth Sciences (Physical Geography) a 
to a career as full professor at the University of Amsterdam. # Informatics and Logic 2) 
The fellowship comprises a tenure track, whereby the fellow starts as +» Physics g 
assistant professor (UD) in a temporary position, with the prospect of © Chemistry 5 
a permanent appointment as associate professor (UHD) as well as a * Astronomy 5 
subsequent career path leading to a full professorship. Depending on + Mathematics and Statistics D 


the fellow’s qualifications, entrance at a higher level is also possible. 
More information: 


We offer among other things a suitable start-up package, and assistance At the website www.science.uva.nl/mgt 
in finding a job for your partner, child care and accommodation. Fellows At the website www.uva.nl/vacancies 
can also count on excellent guidance. (subject: MacGillavry fellowship) 


UNIVERSITY OF AMSTERDAM 


Acquisition will not be appreciated. 


John Innes Centre FACULTY POSITION IN 
CANCER RESEARCH 


INDEPENDENT The University of Texas M.D. Anderson Cancer Center, Science Park—Research 
Division is entering into ¢ new recruitment phasa: Applications are bling 
accepted for a tenure-track position at the Assistant Professor level from 

RESEARCH indiedvale with postdoctoral or independant rassrch experience and stony 
publication records Researchat Science Parkfocuses on cellar and aolcult 

FELLOWSHIPS Inechunisms of arcinogonosis amd cao prover For thispositon we suek 

applicants working in the general areas of molecular and genetic mechanisms: 

of carcinogenesis, including qonetic susceptibility, epigenetic reprogramming, 
genomic instability, inflammation/immune responses, signal transduction, 


ie John Innes Centre (JIC), Norwich, UK is a world leading centre transcriptional regulation and cancer stem cells. Applications are welcomed rom 
The John I Centre (JIC), Ni h, UK Id leadi tr T id IIs. Ay sd 
of excellence in plant and microbial sciences based on the Norwich Indivduasuitzig novel molecular, cellar or anal model eystams focused 
‘on mechanism-based cancer research. Preference will be given to candidates 
Research Park. We are inviting applications from outstanding interested in working in a highly collaborative, interdisciplinary environment. 
researchers who either hold, or wish to apply for Independent Research MD Anderson provides an outstanding research environment, and offers @ highly 
Fellowships, to attend a Conference at the JIC on 7th June 2010. competitive recruitment package. The successful candidate will be expected to 
develop and maintain a world-class externally funded research program and to 
At inesTieetiig you wl have’ st opporaunlly.tt present yous) proposed participate in graduate training programs. Required qualifications include a PhO 
area of research and to discuss your proposal, the development of your (or equivalent) and demonstrated scholarly research experience, 
group and your future career plans in depth with senior JIC Scientists. 


Interested candidates should submit a statement of research interests and their 


Alter the Conference we will select and mentor outstanding CVto the Email address below. Applicants should also request that 3 letters of 
recommendation be sentto: Mark T. 


candidates in writing Fellowship applications and/or offer the 
opportunity to move existing Fellowships to the JIC. 


Further details and particulars can be found at 


THE UNIVERSITY OF TEX4S 


http:/wwwjic.ac.uk/corporate/opportunities/vacancies/fellows.htm MD ANDERSON 
Please e-mail a 2-page summary of your research plan, a copy CANCER EIOON 
of your CV and arrange for three letters of recommendation to be Making Cancer Histor 
emailed to dawn. barrett@bbsrc.ac.uk by Friday 23rd April 2010. Making Cancer Histor 


The John Innes Centre is @ registered “ual Andtson Cancr Canarian aqulopporuty anoloyer and doe nat 

‘ icriminate onthe basis of race, color, national origin, gender, sexual orientation, age, 
charity (No223852)grant-aided by the ‘ligion, disability or veteran status except whore such distinction is raquired by law. Ail 
Biotechnology and Biological Sciences positions at The University of Texas M.D. Anderson Cancer Center aa sucurty sensitive 
Acai Gli witieie ‘and subjectta examination at eriminal history recor information. Smoke-frea and 
Equal Opportunites Employer. 


‘drug-free environment 
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Medizinische Fakultat Heidelberg 


The Medical Faculty of the University of Heidelberg jointly with the German Cancer Research Center (DKFZ) 
invites applications for the following position: 


Full Professorship (W3) for Molecular 
Oncology of Gastrointestinal Tumours 
(K. H. Bauer Endowed Professorship) 


The successful candidate will be appointed as Director of a research division at the German Cancer 
Research Center (DKFZ), as well as the Head of the section of Pancreas Carcinoma Research at the Clinic 
for General, Visceral and Transplantation Surgery. 


We encourage candidates with an excellent international scientific reputation in the field of gastrointestinal 
oncology. Experience in the translation of excellent basic research into clinical applications would be 
welcome, The broad range of responsibilities also requires an interdisciplinary research focus and the 
willingness to participate in already existing or future joint research projects between the German Cancer 
Research Center (DKFZ), the National Center of Tumour Diseases (NCT) and the Surgical University Hospital 
Heidelberg. 


Candidates for this position are required to hold a habilitation (postdoctoral lecture qualification) or 
equivalent scientific qualification, several years of experience in the mentoring of research groups and 
in both procurement and implementation of external funds. 


Further conditions of employment are set down in §§ 47 and 48, section 3, line 4 of the Baden-Warttemberg 
federal-state law on higher education (Landeshochschulgesetz). The professorship is a tenured position. 
The departments at the DKFZ as well as the sections at the University Clinical Center (Universitatsklinikum) 
underlie regular evaluations. 


Heidelberg University and DKFZ are striving to promote gender equality by increasing the number of women 
among the scientific personnel. Qualified women are especially encouraged to apply. Among equally 
qualified applicants, severely disabled persons will be given preference. 

Applications should be submitted within four weeks after publication to the Dean of the Medical Faculty 
Heidelberg, Prof. Dr. C. R. Bartram, Im Neuenheimer Feld 672, 69320 Heidelberg and an extra copy to 
the Director of the German Cancer Research Center, Prof. Dr. 0. D. Wiestler, im Neuenheimer Feld 280, 
69120 Heldelberg, Germany. Application documents should be compiled according to the criteria which 
an be obtained from: dekanat@med.uni-heidelberg.de 


DEPARTMENT OF 
NEUROLOGICAL SURGERY 
& 

McKNIGHT BRAIN INSTITUTE 


ASSISTANT/ 
ASSOCIATE/ PROFESSOR 


The Department of Neurological Surgery. 
College of Medicine, University of Florida 
and the McKnight Brain Institute are seeking, 
a PhD and/or MD for a tenure track po 
the Assistant/Associate or full Profes 
for its Neuro-Oncology Research Program. 
Candidates should have significant expertise 
in brain tumor research in such areas as 
angiogenesis, cell cycle control, cell 
signaling, immune-tumor cell interactions, 
molecular genetics, tumor imaging or other 
approaches to novel brain tumor treatments. 
The successful candidate will join an 
expanding multi-disciplinary neuro-oncology 
group. A commitment to the education of 
professional and graduate students is 
expected. Salary will be commensurate with 
experience, academic qualifications and 
publication record. Anticipated start date: 
January 1, 2011. 
Interested applicants should apply online at 
jobs.ufledu no later than June 30, 
2010. Refer to requisition 40803952. 


Equal Opportunity Institution 


nature 


Stem Cells and Development Editor 


Nature, the international weekly journal of science, seeks to appoint a Stem Cells and 
Development Editor to join a team dedicated to publishing the world's best original 
research in the biological sciences. The successful candidate will play a key role in 
determining how biological sciences are represented - through the selection and 
preparation of manuscripts for publication and by acting as Nature's interface with 
the relevant research communities. This is a demanding and intellectually stimulating 
position, and calls for a keen interest in the practice and communication of science. 


The ideal candidate will have a strong track record of research in stems cells and 
development. We would also encourage highly qualified candidates from other areas 
of the biological sciences to apply. Applicants should hold or expect shortly to receive 
a PhD or equivalent degree. 


This position can be based in Nature's London, New York or Boston offices and will 
involve international travel to meetings and laboratories. 


Please apply by sending your CV, covering letter (including your class of degree, 

a brief account of your research and other relevant experience, and details of your 
current salary) and a concise discussion of recent scientific developments which you 
have found particularly exciting (stating why). 


Salary package competitive. 


To apply please send your CV and covering letter, quoting reference number 
NPG/O12/10 to londonrecruitment@macmillan.co.uk 


Closing date: 5th March 2010 nature publishing group npg 


Faculty Positions in Synaptic 
Mechanisms and Optogenetic Circuit 
Mapping 


The Korea Institute of Science and Technology 
(KIST) invitesapplications for faculty positions 
in its new Center for Functional Connectomics 
(CFC). The CFC is funded by the World Class 
Institute Program, which is designed to recruit 
foreign scientists to enrich the scientific 
environment of Korea. The CFC will consist of, 
12 resident laboratories as well as a network 
of collaborating labs throughout the world. 
Research in the CFC will focus on molecular 
mechanisms of synaptic transmission and 
the use of optogenetic technologies to study 
brain circuitry. We are recruiting scientists 
who work in these areas to establish labs 
in the CFC. Candidates should have a PhD 
or equivalent and a record of outstanding 
promise and achievement. Successful 
applicants will receive full funding of their 
research program for 5 years, including full 
salary support, generous start-up funds 
and compensation package. Applications 
should be submitted by March 15, 2010 and 
should include a curriculum vitae, summary 
of research accomplishments, an outline of 
future plans, and a list of potential referees. 
These materials should be sent to: 


George J. Augustine, Director 
Center for Functional Connectomics 
Korea Institute of Science and Technology 
39-1 Hawolgokdong, Seongbukgu 
Seoul, Republic of Korea, 136-791 
email: cfc@kist.re.kr 


/CECAD | 


Steno, 


Sustainable research perspectives — CECAD offers highly qualified and motivated Ph.D. students training 
possibilities in its different areas of research complemented by a specific graduate school program. For more 
information please visit our website (http:/www.exzellenzcluster.uni-koein.de/) or contact 


Prof. Dr. Carien Niessen (carien.niessen@uni-koein.de ) or 
Dr. Christopher Schippers (c.schippers@uni-koeln.de). 


CECAD Cologne is being funded by the German Research Foundation (DFG) within the Excellence Initiative. 


Assistant/Associate Professor of Surgery (Research) 
Rhode Island Hospital 


Rhode Island Hospital, Hasbro Children’s Hospital, and the Division of Surgical 
Research are seeking a full-time faculty member with an interest in core areas of| 
surgical research in the cellular-molecular mechanisms of inflammation, matrix 
biology and/or tissue injury to join the Department of Surgery at the Alpert 
Medical School of Brown University. 


APhD and/or MD and? years of postdoctoral experience are required. Successful 
candidates must have a background in cellular-molecular methods strong enough 
to allow them to achieve the goals of their independent research but also advance 
potential collaborations with nationally recognized faculty in the Department 
and at Brown, Candidates must qualify for appointment to the rank of Assistant 
or Associate Professor of Surgery (Research) at the Alpert Medical School of 
Brown University, For faculty seeking appointment at the rank of Associate 
Professor, evidence of sustained high quality research program with external 
funding and a national reputation are required. 


Current areas of research interest in the Department cross all Divisions: including. 
cellular-molecular mechanisms of inflammation afier injury or surgery; wound. 
healing; fibrosis and matrix metabolism; along with projects in development and 
cancer immunology. The search will also consider new areas of investigation from’ 
funded candidates that are seen as enhancing current programs. Candidates with 
sroog backgrounds in translational programs are also enoosreged to apply. For 
complete listing of the Division o 

members and their research interests, please visit: http://bt 
surgery/researeh/ 


Review of applicants is ongoing and will continue until a candidate is selected 
or the search is closed. 


All applications received by March 31, 2010 will be given full consideration. 
Interested applicants should send (preferably as PDFs) their curriculum vitae, 
a set of representative reprints, a concise description of their research interests 
and goals as well as arrange for three letters of reference to be submitted on your| 
behalf, to: Alfred Ayala, Ph.D., Professor of Surgery (Research) , C/O Ms. 
Courtney Coto (CCoto@lifespan.org), Division of Surgical Research/Depart-| 
ment of Surgery, Rhode Island Hospital/the Warren Alpert Medical School at 
Brown University, Aldrich 230, 593 Eddy Street, Providence, RI 02903 


Rhode Island Hospital is an equal opportunity/ affirmative action employer and] 
actively solicits applications from minorities, women and protected persons. 


FACULTY POSITIONS 


DEPARTMENT OF BIOCHEMISTRY 
AND MOLECULAR BIOLOGY 
SAINT LOUIS UNIVERSITY 
SCHOOL OF MEDICINE 
Saint Louis University, a Catholic Jesuit institution dedicated to stu- 
dent learning, research, health care, and service, is seeking outstand- 
ing applicants for tenure-track faculty positions at the ASSISTANT 


PROFESSOR level in the Edward A. Doisy Department of Biochem- 
istry and Molecular Biology (http://medschool.slu.edu/biochem/). 


The Department has an outstanding faculty and a long tradition of 


excellence in research, Enrico Di Cera, M.D., was recently recruited 
as Chairman to lead this Department through an important expansion 
made possible by the state-of-the-art Doisy Research Center com- 
pleted in 2007. We are interested in candidates with demonstrated 
ability to develop strong and independent research programs that 
would complement existing strengths in the Department. Research 
programs should involve biological systems relevant to health and 
disease, and the molecular basis of their structure, function and regu- 
lation. A Ph.D. or M.D. degree, evidence of competing successfully 
for external funding and enthusiasm for teaching and mentoring 
research trainees are important criteria for selection, 


Interested candidates should submit a cover letter, current curriculum 
vitae, relevant publications, future research plans, a detailed 3-year 
budget and addresses of three references to http://jobs.slu.edu. 


Saint Louis University is an Affirmative Action, Equal Opportunity 
Employer, and encourages nominations and applications of 
women and minorities. 


Science Careers 


NowEESias FACULTY POSITION 


The University of North Texas (UNT) seeks candidates at the Professor level. 
Exceptional candidates at the Associate Professor level may also be consid- 
ered. The successful candidate will have an earned doctorate in Biology or a 
related field with an established international reputation, an active externally 
funded research program, experience in developmental aspects of functional 
comparative genomics, physiology, neurobiology, cell biology, endocrinol 
ogy, or genetics and have a strong record of obtaining extramural funding, 
and will be an integral part of a new initiative in “Developmental Physiology 
and Genetics” (www.biol.unt.edu/dpgr) targeted by the UNT administration 
for research cluster support. Preference will be given to applicants who have 
expertise in any of the following fields: the cardiovascular system, respiration, 
stress response and/or metabolism. 


This will be one of four new faculty positions recruited to the Developmental 
Physiology and Genetics Group to enhance research activities in developmental 


integrative biology. Current members of this group take a comparative approach 
to integrative developmental biology. Candidates are expected to interact with 
current and future faculty members with expertise in developmental physiology. 
metabolism, and oxygen homeostasis, and to support the instructional goals of 
the university at both the undergraduate and graduate levels. 


An 80,000 sq, ft, state-of-the-art Life Sciences building is being constructed 
that will house the Developmental Physiology and Genetics research cluster. 
Potential interactions exist with Health Science researchers at the nearby UNT 
Health Science Center in Fort Worth 


Applicants must apply online at: nttps://facultyjobs.unt.edu/applicants/ 
Central? quickFind=50756, Upload a cover letter, research statement and a C.V 
Inquiries may be directed to: Dr. Pamela Padilla, Search Committee Chair 
at ppadilla@unt.edu. Applications will be reviewed beginning February 15, 
2010, and will continue until the search is closed. UNT is a Doctoral/Research- 
Intensive Institution located in the Dallas/Fort Worth Metroplex. It is the fourth 
largest university in Texas, with nearly 36,000 students and eight consecutive 
record annual increases in enrollment. New research initiatives, including three 
that involve life science disciplines, were announced in Sept 2008 by the UNT 
administration (http://web3.unt.edu/news/story.cfm?story=11146). For fur- 
ther information, see http://www.unt.edu, http://www.bi 


ADA/EOE/AA 


Assistant Professor 


Molecular Immunology or Cell Signaling 


Stony Brook University's The Department of Molecular Genetics and 
Microbiology in the School of Medicine invites applications for a tenure- 
track faculty position at the assistant professor level. Applicants must have a 
Ph.D. or M.D./Ph.D, and have at least three years of postdoctoral experience. 
The successful candidate will participate in the Department's educational 
mission of graduate and medical school teaching, establish a vigorous extra- 
mural research program, and perform University and Departmental service as 
needed. Outstanding candidates working in molecular immunology or cell 
signaling as they relate to infection or cancer are encouraged to apply, The 
Department of Molecular Genetics and Microbiology, and the adjacent Cen- 
ter for Infectious Diseases and the Stony Brook Cancer Center, provide a 
highly interactive scientific community with world-class research facilities. 
The School of Medicine and Stony Brook University maintain state-of-the-art 
core facilities that provide support in the following areas: microscopy and 
imaging, flow cytometry, proteomics, microarray analysis, bioinformati 
animal maintenance, monoclonal antibody production, DNA sequencing, 
cell/tissue culture support, and BSL-3 containment. To ensure full considera: 
tion, applications should be received by March 31, 2010. The review of 
applications will continue until the position is filled. 


For a full position description or application procedures, visit 
www stonybrook.edu/jobs (Jobs Reference #: F-6252-10-02) 


To apply, candidates should submit electronically a curriculum 
vitae, a three-page summary of accomplishments and future 
research interests, and the names and addresses of three references 
as a compiled PDF to SBUH_MGM_Faculty_Search@notes.cc. 
sunysb.edu, Alternatively, submit materials to: 

Or. James B. Bliska, Chair of Assistant Professor (6252) Search 


once, STONY 
BR4&NWK 


Stony Brook University 
Stony Brook, NY 11794-5222 


Equal Opp: 


ity/Afimative Action Employer. 


FACULTY POSITION IN BIOENGINEERI 


The California Institute of Technology invites applications for a 
ack faculty position in Bioengineering. Bioen: 
Caltech focuses on the application of engineering principles to the design, 
analysis, construction, and manipulation of biological systems, and on the 
discovery and application of new engineering principles inspired by the 
properties of biological systems 


tenu 


ineering research at 


Applications are invited in any area of bioengineering research. Candidates with 
strong commitments to research and teaching excellence are encouraged to 
apply, We expect to make the appointment at the assistant professor level, but 
consideration will be given to exceptionally well-qualified applicants at the 
associate and full professor levels. Initial appointments at the assistant professor 
level are for four years, and are contingent upon completion of the Ph.D. 
degree 


Bioengineering at Caltech (httpz//www.be.caltech.edu) includes faculty from the 
Divisions of Engineering and Applied Science (http:/www.eas.caltech.edu), 
‘Chemistry and Chemical Engineering (http://www.cce.caltech.edu)., and Biology 
(httpy/vww.biology.caltech.edu), 


APPLICATION INSTRUCTIONS 


Applicants should electronically submit an application —_at 
http:/Wwww.be.caltech.edu/search, including curriculum vitae; a statement of 
research interests; a statement of teaching interests; and up to three representa- 
tive publications. Applicants should arrange to have four reference letters 
uploaded, 


Application review will commence immediately and continue until the position is 
filled, 


CALIFORNIA INSTITUTE OF TECHNOLOGY 
Division of Engineering and Applied Science 


Caltech is an Equal-Opportunity’Affirmative-Action Employer. 


Women, minorities, veterans, and disabled persons are encouraged to apply 


march 8-9, 2010 
@ Billmore | Phoenix, Arizona 


personalized 
_ medicine 
in the clinic: 


policy, legal, and ethical implications 


with top experts will examine 
impact of personalized medicine on the 


very of healthcare in the future. Conference highlights: 


patient rights 
medical privacy and confidentiality 
ethics 
individualized medical care 


economics 


liability issues for physicians 


For CLE and CME information and to register, visit 
www law.asu.edu/petaonalizedmedicine2010. 
To become a conference supporter, call 480 985 246: 


OXFORD 


Tasso Leventis Professorship 
of Biodiversity 


in association with Merton College 


The University of Oxford intends to make an appointment to the Tasso 
Leventis Professorship of Biodiversity in the Department of Zoology (part 
of the Mathematical, Physical and Life Sciences Division) with effect from 
1 October 2010 or as soon as possible thereafter. The new Professor 
will set up and run an internationally recognised Institute of Biodiversity 
within the department, provide leadership in research and teaching in 
biodiversity, and teach aspects of the subject at undergraduate and 
postgraduate level. 


Biodiversity as a research field at Oxford has been strengthened by 
recent appointments in ecology and conservation biology, and by the 
development of the Department's Wildlife Conservation Research Unit 
at Tubney (see http://www.z00.0x.ac.uk). In parallel, new and related 
positions have been created in the School of Geography and the 
Environment, while the recently formed Smith School for Enterprise 
and the Environment brings political and policy expertise to the area. 
This new Professorship is endowed by a generous benefaction from the 
Tasso Leventis Conservation Foundation. In addition, the research area 
will be further supported for five years by funds from the James Martin 
21st Century School. This funding will allow the incoming Professor 
to appoint several five-year post-doctoral fellows and to establish a 
programme for meetings and visiting fellows in the new Institute. 

Please see the further particulars at www.admin.ox.ac.uk/fp/ for more 
details about the post and for full instructions before making an application. 
Further information may be obtained from paul.harvey@z00.0x.a¢.uk - 
Head of the Department of Zoology. All enquiries will be treated in strict 
confidence and will not form part of the selection decision. Applications, 
including a covering letter and full CV and naming three referees, should 
be received no later than 19 April 2010 by Dr Gwen Booth, Personnel 
Officer, Senior Appointments at professorships@admin.ox.ac.uk If you 
have a query about how to apply, please contact Mrs Elaine Eastgate 
at professorships@admin.ox.ac.uk or telephone: +44 (0)1865 280189. 


‘Committed to equality and valuing diversity 


~ JIC unre nanows INTERNATIONAL RECRUITMENT 
2S university (Tokyo, Japan) 


ACADEMIC PROGRAMME OFFICER 
(circa: USD128,532-USD 137,699 p.a.) 


United Nations University (UNU) is an international community of scholars 
engaged in research, postgraduate training and dissemination of knowledge in 
furtherance of the purposes and principles of the United Nations, its member 
states and peoples. For more information, please visit: www.unu.edu. 
United Nations University-Institute for Sustainability & Peace (UNU-ISP), takes 
an innovative, integrated approach to sustainability — one that encompasses 
global change, development, peace and security and bridges these cross- 
issues through research, educational, and collaborative initiatives with the 
aim of solving current problems and anticipating future challenges. For more 
information, visit http://www.isp.unu.edu/. 
Under the authority and direct supervision of the Director of UNU-ISP, the key 
responsibilities of the successful incumbent includes project management in the 
area of environmental management and academic capacity building; develop 
ind conduct research in the field of Sustainabi fundraising and 
teach graduate and other short academic courses hosted by UNU-ISP; including 
managing the Editorial Office for Sustainability Science 
The successful incumbent is required to have a Ph.D. in Environmental 
Sciences/Engineering or related field of science: minimum 5 years of post 
Ph.D. related work experience in sustainability; strong background and skills, 
in applied research and international capacity development; proven track record 
of academic and policy publications; fluent in English; and sound project 
‘management skills in academic/research institution. Experience in teaching, 
research supervision, fund-raising and knowledge management is desirable. 
Full Job Description including salary and benefits entitlement is available at 
www.unu.edu/employment/ . 
Interested applicants should submit a signed UNU Personal History Form (P.11 
form) (downloadable from UNU website), with a cover letter explaining why 
they believe they are qualified for the position and what contribution they intend 
to bring to UNU. Application is preferably to be emailed to 
-isp2010apo@unu.edy before 31 March 2010. 
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Endowed Chairs in 
Childhood Neurosciences 


South Carolina offers a tremendous opportunity through its Centers 
of Economic Excellence (CoE) Program, through which the state 
recruits elite researchers, This visionary program is evidence of the 
commitment to innovation demonstrated by South Carolina's govern- 
ment, industry, and universities. 


The Center for Childhood Neurotherapeutics will establish an inte- 
grated, state-wide team to understand and treat childhood neurological 
disorders. It will support research at the Greenville Hospital System 
in Greenville (GHS), at the University of South Carolina in Columbia 
(USC), at the USC School of Medicine in Columbia (USC-SOM), and 
at the Medical University of South Carolina in Charleston (MUSC), 
The center will be anchored by three endowed professors carrying 
out basic and/or clinical studies related to understanding and treating 
childhood diseases of the nervous system. Each endowed chair position 
will benefit from significant programmatic and departmental support, 
and will have the opportunity to work closely with researchers and 
clinicians at the nationally renowned Greenwood Genetics Center in 
the study of neurogenetic disorders. 


(1) Endowed Chair in Translational Therapeutics: Based at GHS 
with academic appointment in USC-SOM. Applicant must have train- 
ing in one or more of the following: developmental-behavioral pedi- 
atrics; neurology; psychology; basic mechanisms of developmental 
genetic diseases; and have experience in design and management of 
clinical trials. Preference will be given to persons who have experi- 
ence working in clinical settings, especially those involving the study 
of autism spectrum disorders and neurogenetic disorders. Inquiries 
and nominations should be sent electronically to Dr. Desmond Kelly, 
dkelly@ghs.org. 


(2) Endowed Chair in Neurodevelopmental Disorders: Based at 
USC. Applicant should have training in neuroscience, psychology, 
biology, or related areas and should address questions related to brain 
development and neurogenetic disorders, particularly those linked to 
behavior or cognition. Preference for this position will be given to 
applicants that use functional brain imaging of animal models and/or 
neurogenetic approaches to address developmental alterations that 
affect cognition and behavior. Inquiries and nominations should be sent 
electronically to Dr. Roger Sawyer, RHSawyer@mailbox.sc.edu. 


(3) Endowed Chair for Basic Research in Childhood Disorders: 
Based at MUSC. Applicant must have training and expertise in basic 
mechanisms of disease processes and therapeutic approaches for 
childhood diseases of the nervous system. Preference will be given 
to applicants working in a neuroscience group utilizing applications for 
neuroprotection and neurorepair using stem cells and other approaches 
in animals or humans. Inquiries and nominations should be sent elec- 
tronically to Dr. Inderjit Singh, singhi@muse.edu. 


All three positions require an M.D or Ph.D. If applicable, board 
certification in a subspeciality is required. Applicants should have 
established records of grant funding, scholarly activities, and the 
ability to foster interdisciplinary research. References will not be 
contacted without candidate’s permission. Applicants should submit 
a statement of research interests, CV, and contact information for at 
least three references to: Position (1) Desmond Kelly, M.D., Medical 
Director, Developmental — Behavioral Pediatrics, Children’s Hospital 
of Greenville Hospital System, 200 Patewood, A200, Greenville, SC 
29615; Position (2) Roger H. Sawyer, Ph.D., College of Arts & Sci 
ences, University of South Carolina, Columbia, SC 29208; Position (3) 
ingh, Ph.D., Charles P. Darby Children’s Research Institute, 
ical University of South Carolina, 173 Ashley Avenue, CRI 516, 
Charleston, SC 29425. 


For more information about the CoEE Program, please visit 
www.sccoce.org. 
GHS, USC, and MUSC are equal opportunity employers com- 
mitted to excellence through diversity. Minorities and women are 
especially encouraged to apply. 
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In America today, 1 in 3 individuals does not accept evolution’ That’s why AAAS continues to play an important 
role in the effort to protect the integrity of science education. is hard at work ensuring that evolution 


continues to be taught in science classrooms, but we need your hel NI & 
Join us. Together we can make a difference. aaas.org/plusyou/evoli AAAS at U = A 


Research Center for the People & the Press. May 2009, General Public Science Survey. 


Evolution 


HBCU-UP National 
Research Conference 


Historically Black Colleges and Universities (HBCUs) increase the number of underrepresented ethnic 
minorities qualified for education and research in science, technology, engineering, and mathematics 
(STEM). AAAS partners with NSF to host a national gathering that highlights undergraduate student 
research to enhance the quality of STEM education. And this is just one of the ways that AAAS is committed 


to advancing science to support a healthy and prosperous world. A\ 
Join us. Together we can make a difference. aaas.org/plusyou/hbcuup AAAS +U= A 


Rwanda 


A country devastated by genocide and a crippling AIDS epidemic. Together with the Rwandan Ministry of Education, 
AAAS, the world’s largest multidisciplinary scientific society and publisher of Science magazine, is working to ensure 
that local children gain skills'in science, technology, math, and engineering. And this is just one of the ways that 
AAAS is committed to advancing science to support a healthy and prosperous 


world: Join us. Together.we can make/a difference. aaas.org/plusyou/rwanda n\ AAAS +tU=A 
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KUWAIT PRIZE 2010 


Invitation for Nominations 


The Kuwait Foundation for the Advancement of Sciences (KFAS) institutionalized the KUWAIT Prize to recognize distinguished accomplishments 
in the arts, humanities and sciences. The Prizes are awarded annually in the following categories: 


A. Basic Sciences 

B. Applied Sciences 

C. Economics and Social Sciences 

D. Arts and Literature 

E. Arabic and Islamic Scientific Heritage 

The Prizes for 2010 will be awarded in the following fields: 
Basic Sciences Chemistry 

Applied Sciences 

Economic and Social Sciences 

Arts and Literature 


. Arabic and Islamic Scientific Heritage Architecture 


Foreground and Conditions of the Prize 
1. Two prizes are awarded in each category: 


Biomedical Technology 
Role of Islamic Financial Institutions in the Arab World 
‘Studies in Al-Jahili Poetry 


* APrize to recognize the distinguished scientific research of a Kuwaiti citizen, 


and, 


*A Prize to recognize the distinguished scientific research of an Arab citizen. 

The candidate should not have been awarded a Prize for the submitted work by any other institution 

Nominations for these Prizes are accepted from individuals, academic and scientific centers, learned societies, past recipients of the Prize, and 
peers of the nominees. No nominations are accepted from political entities. 

The scientific research submitted must have been published during the last ten years. 

Each Prize consists of a cash sum of K.D. 30,000/- (approx. U.S.$100,000/-), a Gold medal, a KFAS Shield and a Certificate of Recognition. 


The results of KFAS decision regarding selection of winners are final. 


The documents submitted for nominations will not be returned regardless of the outcome of the decision 


4 
5. 
6. _Nominators must clearly indicate the distinguished work that qualifies their candidate for consideration 
7. 
8. 
9. 


. _ Each winner is expected to deliver a lecture concerning the contribution for which he was awarded the Prize. 
Inquiries concerning the KUWAIT PRIZE and nominations including complete curriculum vitae and updated lists of publications by the candidate with 
four copies of each of the published papers should be received before 31/10/2010 and addressed to: 


Ihe Director General 
The Kuwait Foundation for the Advancement of Sciences - P.O. Box: 25263, Safat - 13113, Kuwait. 
Tel: (+965) 22429780 / Fax: 22403891 / E-Mail: prize@kfas.org. kw 


AWARDS 


ROBERT J. AND CLAIRE PASAROW FOUNDATION 


22™ ANNUAL MEDICAL RESEARCH 
AWARD RECIPIENTS 
23 ANNUAL MEDICAL RESEARCH AWARDS 
CALL FOR NOMINATIONS 


Cancer, Cardiovascular Disease, 
Neuropsychiatry 


THE PASAROW FOUNDATION PROUDLY 
ANNOUNCES THE RECIPI 'S OF THE 
228” ANNUAL MEDICAL AWARDS: 


CANCER 
Brian J. Druker, M.D. - Oregon Health 


& Science University, Howard Hughes 


Inder M. Verma, Ph.D. 


CARDIOVASCULAR DISEASE 
sburg, M.D. - University of Michigan 
Medical School, Howard Hughes 


Salk Institute 


Davi 


NEUROPSYCHIATRY 
Jean-Pierre Changeux, Ph.D. - Institut Pasteur, Paris, France 


The deadline for the submission of nominations for the 
23! Annual Medical Research Awards has been extended 
to Monday, March 22, 2010. Please see the January 1, 
2010 issue of Science for details regarding nomination 
submission or contact Jack D. Barchas, M.D. at (212) 
746-3770 or jbarchas@med.cornell.edu. 


UROPEAN — 
ClENCE 
OUNDATION 


Calls for Proposals 2010 


Europe-Wide 
Collaborations 


The European Science Foundation (ESF) announces 
the following Calls for Proposals: 

» Exploratory Workshops 

» Research Networking Programmes 

» EUROCORES (European Collaborative Research) 


» ECRP (European Collaborative Research Projects 
in the Social Sciences) 


» Research Conferences 


For further information on the calls and deadlines 
and all ESF activities, go to www.esf.org/calls 


The European Science Foundation provides a common platform 
for its Member Organisations in order to: | 
= advance European research; f 
* explore new directions for research at the European level. 15, 
Through its activites, the ESF serves the needs of the European 

research community in a global context. It carries out an array of 

activities, ranging from organising exploratory scientific workshops = 


to providing science policy advice, 
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Assistant/Associate 
Professor 
of Critical Zone Science 


Appointment: This is a 9 month, tenure track posi- 
tion with responsibilities divided between research 
(80%) and teaching (20%). 


Position Description: The Department of Plant 
and Soil Sciences (http://ag.udel,edupise/) in coor- 
dination with the newly formed Delaware 
Environmental Institute (http://denin.udel.edu/) 
invites applications for a tenure track faculty posi- 
tion at the Assistant or Associate Professor level in 
the area of Critical Zone Science. Longstanding 
strengths in environmental sciences at the 
University of Delaware are expanding through inter- 
disciplinary investigations of human and earth sys- 
tem processes that govern terrestrial ecosystems of 
the critical zone - the top of the plant canopy to the 
base of the weathering zone. Successful candi- 
dates will complement environmental research at 
the University through expertise in the role and 
importance of soils to large scale issues such as cli- 
mate change and the biogeochemical cycling of 
nutrient elements. The successful applicant will 
develop or bring a nationally recognized research 
program supported by extramural funding and will 
teach one course per year at the undergraduate or 
graduate levels. 


Qualifications: The candidate must have a Ph.D. 
and research interests focused on soil processes 
relevant to land use issues and emergent impacts 
on ecosystems. Desirable areas of expertise 
include geomorphology, geochemistry, biogeo- 
chemistry, pedology, eco-hydrology, and land- 
atmosphere exchange. Candidates with experience 
bridging laboratory and field-scale investigations as 
well as interdisciplinary studies are especially 
encouraged to apply. Interest and ability to con- 
tribute effectively to collaborative research efforts is 
essential. 


Salary: Commensurate with experience and train- 
ing. The University of Delaware provides an excel- 
lent employee benefits package including health 
and dental insurance, retirement contributions, pre- 
tax flexible spending accounts, and complete tuition 
remission for family members. 


Facilities: Teaching and research facilities are located 
at the University of Delaware, Newark, DE. The 
University is a Land Grant, Sea Grant & Space Grant 
institution located midway between Philadelphia and 
Baltimore. Further information on the Environmental 
Sciences at the University of Delaware 
(http:/www.environmentalportal.udel.edu), the 
Delaware Environmental Institute and the Christina 
River Basin Critical Zone Observatory 
(www.udel.edu/ezo/) can be found on the web. 


Date Position is Available: As early as Sept 1, 
2010. 


Application Process: By March 13th, interested 
persons should submit: (i) letter of application; (i) 
resume; (ii) two page statement of research and 
teaching interests; (jv) names, e-mail and postal 
addresses, and telephone numbers of three refer- 
ences. Complete applications should be assem- 
bled into a single pdf document and sent by e-mail 
to: Dr. K. Eric Wommack, Search Committee Chair: 
PLSC-taculty-search@anr.udel.edu . 
‘The UNIVERSITY OF DELAWARE is an Equal Opportunity, 


Employer which encourages: 
applications from Minority Group Members and Women. 


POSITIONS OPE 


SENIOR LECTURER IN MATHEMATICAL 
BIOLOGY 
The University of Chicago 
Biological Sciences Collegiate Division 
he Biological Sciences Collegiate Di at the 
niversity of Chicago invites applications for a Sen. 
ior Lectureship in mathematical biology beginning 
in the fall 2010. The Senior Lecturer is expected to 
teach a three-quarter postcalculus course sequence in 
basic applied mathematics for advanced science ma: 
jors who are interested in quantitative approaches to 
nd to develop an integrated biocalculus cur 
or premeds, Applicants must have received a 
Ph.D. in mathematics or a related field with thesis 
research in an area of applied mathematics such as, 
but not restricted to, biophysics, biomechanics, com- 
putational neuroscience, genomics, or population bi 
ology and must document interest and proficiency in 
undergraduate teaching. The appointment will be for 
three years and is renewable 
To apply for this position visit our website: http:// 
academiccareers.uchicago.edu/ job posting 00252. 
Please complete your application and submit support 
ing materials by April 2, 2010. 
The University of Chicago is an Affirmative Action/Equal 
Opportunity Employer. 


ASSISTANT RESEARCH INVESTIGATOR 
Center for Regenerative Developmental Biology 
‘The Forsyth Institute, a Harvard Medical and 
Dental School Affiliate 

An Assistant Research Investigator position to fo- 
cus on mouse developmental biology of the skin and 
wound healing is available immediately. A Ph.D., with 
two to three years of postdoctoral experience and at 
least two postdoctoral first-author papers are required. 
Background in molecular biology, gene targeting in- 
activation, and mouse skin developmental biology is 
required. Send curriculum vitae and names of three 
references to 


Dr. Marianna Bei 
Assistant Professor, Harvard Medical School 
Director, Center for Regenerative 
Developmental Biology 
‘The Forsyth Institute 
E-mail: mbei@forsyth.org or mbei@partners.org 

The Forsyth Institute is an Equal Opportunity Employer, 
Minorities/Females/Veterans/Persons with Disabilities 


GROUP LEADER, BIOINFORMATICS/ 

SYSTEMS BIOLOGY 

Uni Research, Norway 

‘The Computational Biology Unit (CBU) at 

Uni BCCS (Bergen Center for Computational 
Science) is searching for an additional group 
leader in the field of computational biology/ 
bioinformatics, CBU is colocated and integrated 
with several departments at the University of 
Bergen. Please electronically send your curric 
ulum vitae, your 10 most relevant_publi 
cations, and a research plan to Prof. Inge 
Jonassen, e-mail: inge.jonassen@ii.uib.no, 
Head of CBU. The evaluation of applications 
will commence March 15, 2010, and continue 
until a suitable candidate is found. To read a 
full-text version of this ad, please visit websi 
http://www.becs.uni.no/po: 


Position aj 


able for_a highly motivated 
POSTDOCTORAL FELLOW with proven 


experience in cloning and expression of mam 
malian proteins to study eukaryotic DNA rep- 
lication, Experience in baculovirus expression 
system is highly desirable. Excellent salary and 
benefits. Electronically send curriculum vitae 
to e-mail: ebiswas@umdnj.edu. 


POSITIONS OPEN 


“J THE 
NEUROSCIENCES 
INSTITUTE 


Positions are currently open for POSTDOC- 
TORAL FELLOWS in computational neuroscience 
to join a team of researchers in creating large-scale, 
spiking network models of sensorimotor control in 
the mammalian central nervous system. Building on 
nwo decades of experience at The Neurosciences Tr 
stitute, these simulations will be incorporated into 
autonomous brain-based devices that perform vari 
ous behavioral tasks, 

A suitable candidate should have a bs 
neurobiology, neural mod 
programming skills. 

Located in La Jolla, California, The Neurosciences 
Institute focuses its theoretical and experimental re 
search on the principles underlying how we perceive 

nd act upon the world, how we learn and remem 
ber, and how consciousness arises, 

Interested candidates should alum vitae 
including the names of three references to: Dr. W. 
Einar Gall, Research Director, The Neurosciences 
Institute, 10640 John Jay Hopkins Drive, San 
Diego, CA 92121. Or to e-mail: jobs7@nsi.edu. 

The Neurosciences Institute is an Equal Opportunity 
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A Career 
in science 
is more 
than just 
science. 
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From the journal Science 


MARKETPLACE 


Promab Biotechnologies Ine. 
Custom Monoclonal 
Antibody $4,200 


>3,000 CLONES WILL BE SCREENED 


www.promab.com 


AAAS, publisher of Science, 
thanks the sponsors and supporters of the 


2010 Annual Meeting 
Bridging Science and Society 


18 —22 February > San Diego 


7% ® 
BAST, r Presenting Sponsor OSA 
Pa > The Optical Society 
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THE 388 KAVLI FOUNDATION 


In addition generous funding for AAAS Awards is provided by the Kavli Foundation and Affymetrix. 


AYAAAS. 


Antibodies and Related Reagents for Signal Transduction Research 


— 
38 Over 70 antibodies validated for ChIP by the : 
same rigorous standards as all other recommended 
applications ~ optimization is not left up to you. “ 
32 SimpleChIP™ Enzymatic Chromatin IP Kits are 
used in-house for antibody validation and work 
optimally with our antibodies, facilitating your 
experimental success. 
3: Technical support is provided by the same 2 
a scientists that produce and validate the products, & 
allowing a fast, thorough and accurate response. 3 
g 
z 


Unparalleled product quality, validation and technical support. 


We dee ha al 


pets Sox2 «Satellite Oct-4 —-Sox2_ Satellite RPL3O GAPDH = MYOD «Satellite GAPDH RPL3O. MYOD = MYTI 
© © oct-4a (ca0a3ct) Rabbit mab © W soxz (0609) xP™ Rabbit mab © M Tri-Methyl-Histone Hs (Lys4) © 8 tri-methyi-Histone H3 (Lys27) 2 
(ChIP Formulated) #5677 (ChIP Formulated) #5024 (C4208) Rabbit mAb #9751 (C36B11) Rabbit mAb #9733 yz 
| Normal Rabbit IgG #2729 1 Normal Rabbit IgG #2729 1 Normal Rabbit IgG #2729 © Normal Rabbit IgG #2729 ge 


ChIP assays were performed with cross-linked chromatin from 4 x 10° NCCIT (A,B) or HeLa cells (C,D) and either 10 pl of Oct-4A (C30A3C1) Rabbit mAb (ChIP 
Formulated) #5677 (A), Sox2 (D6D9) XP™ Rabbit mAb (ChIP Formulated) #5024 (6), Tri-Methyl-Histone H3 (Lys4) (C4208) Rabbit mAb #9751 (C) 
or Tri-Methyl-Histone H3 (Lys27) (C36B11) Rabbit mAb #9733 (0) using SimpleChP™ Enzymatic Chromatin IP Kit (Magnetic Beads) #9003 
Normal Rabbit lgG #2729 (1 yl) was used as negati trol. The enriched DNA the transcriptionally 
active Oct-4 and Sax2 (A,B) or RPL30 and GAPDH genes (CD), and eat element, MYOD or MYT1 genes, 

The amount of immunoprecipitated DNA in each sample is represent atin, which is equivalent to one. 


for quality products you can trust... 7 
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www.cellsignal.com pe: lee 


Orders (toll-free) 1-877-616-2355 | Technical support toll-free) 1-877-678-8324 support@cellsignal.com | Inquiries info@cellsignal.com | Environmental Commitment eco.cellsignal.com—L 


